Flowfield measurements in the NASA Lewis Research Center 9- by 15-foot low-speed wind tunnel by Hughes, Christopher E.
NASA Technical Memorandum 100883 
Flowfield Measurements in the NASA 
Lewis Research Center 9- by 15-Foot 
Low-Speed Wind Tunnel 
( A A S L - T B - I C O E E 3 )  ELCEEIELI; PIASCBBBEITS I13 N09-2 1002 
IZhE BASA LEkIS FESEABCE CEhlEL. 9- € Y  15-POGT 
LO&-SPEEC WINE 'ICIFLEL ( N A S A )  i t  p CSCL 1UB 
Unclas 
G3/09 0 19865 1 
Christopher E. Hughes 
Lewis Research Center 
Cleveland, Ohio 
March 1989 
https://ntrs.nasa.gov/search.jsp?R=19890011631 2020-03-20T02:36:46+00:00Z
FLOWFIELD MEASUREMENTS I N  THE NASA LEWIS RESEARCH CENTER 
9- BY 15-FOOT LOW-SPEED WIND TUNNEL 
C h r i s t o p h e r  E.  Hughes 
N a t i o n a l  Ae ronau t i cs  and Space A d m i n i s t r a t i o n  
Lewis Research Center  
C leve land,  Ohio 44135 
SUMMARY 
An exper imenta l  i n v e s t i g a t i o n  was conducted i n  t h e  NASA Lewis 9- by  15-Foot 
Low-Speed Wind Tunnel t o  de termine t h e  flow c h a r a c t e r i s t i c s  i n  t h e  t e s t  s e c t i o n  
d u r i n g  wind tunne l  o p e r a t i o n .  I n  t h e  f l o w f i e l d  i n v e s t i g a t i o n ,  a 20-probe 
P i t o t - s t a t i c  flow survey rake ,  spanning t h e  t e s t  s e c t i o n  h o r i z o n t a l l y ,  was used 
t o  o b t a i n  c r o s s - s e c t i o n a l  t o t a l  and s t a t i c  p ressu re  surveys a t  f o u r  a x i a l  l oca -  
t i o n s  i n  the  t e s t  s e c t i o n ,  i n c l u d i n g  near  t h e  en t rance,  t h e  model t e s t  p lane ,  
and the  e x i t .  A t  each a x i a l  l o c a t i o n ,  t h e  c r o s s - s e c t i o n a l  f l o w f i e l d  surveys 
were made by r e p o s i t i o n i n g  t h e  P i t o t - s t a t i c  flow su rvey  r a k e  v e r t i c a l l y .  I n  - 7 a d d i t i o n ,  a c a l i b r a t i o n  o f  t h e  new wind tunne l  r a k e  i n s t r u m e n t a t i o n ,  used t o  
p determine t h e  wind tunne l  o p e r a t i n g  c o n d i t i o n s ,  was performed. A c o r r e l a t i o n  
was determined between the  pressures  measured b y  t h e  w ind  t u n n e l  upst ream and 
downstream rakes  and the  pressures  measured i n  t h e  t e s t  s e c t i o n  model t e s t  
p lane a t  t h e  model c e n t e r l i n e  l o c a t i o n .  Boundary l a y e r  surveys were a l s o  made 
a t  t h r e e  a x i a l  l o c a t i o n s  i n  t h e  t e s t  s e c t i o n :  near  t h e  en t rance ,  t h e  model 
t e s t  p lane,  and t h e  e x i t .  The t e s t  s e c t i o n  f l o w f i e l d  i n v e s t i g a t i o n  was con- 
duc ted  a t  t unne l  Mach numbers 0.20, 0.15, 0.10, and 0.05. 
The t e s t  s e c t i o n  p r o f i l e  r e s u l t s  from t h e  i n v e s t i g a t i o n  i n d i c a t e  t h a t  
f a i r l y  u n i f o r m  t o t a l  p ressu re  p r o f i l e s  ( o u t s i d e  t h e  t e s t  s e c t i o n  boundary 
l a y e r )  and f a i r l y  u n i f o r m  s t a t i c  p ressu re  and Mach number p r o f i l e s  (away from 
t h e  t e s t  s e c t i o n  w a l l s  and downstream of t h e  t e s t  s e c t i o n  en t rance )  e x i s t  
th roughout  t h e  wind tunne l  t e s t  s e c t i o n .  The s t a t i c  p ressu re  and Mach number 
r e s u l t s  near  t h e  t e s t  s e c t i o n  w a l l s  were i n f l u e n c e d  by t h e  flow around t h e  
t e s t  s e c t i o n  wal l  s l o t s  and by  t h e  l a r g e  c o n t r a c t i o n  r a t i o  i n  t h e  t u n n e l  i n l e t  
s e c t i o n  near  t h e  t e s t  s e c t i o n  en t rance.  The l a r g e s t  v a r i a t i o n s  i n  t h e  t o t a l  
p ressure ,  s t a t i c  p ressu re ,  and Mach number p r o f i l e s  o c c u r r e d  a t  a t u n n e l  Mach 
number o f  0.20 and d i m i n i s h e d  a t  lower  t u n n e l  Mach numbers. 
The r e s u l t s  of  t h e  w ind  t u n n e l  r a k e  i n s t r u m e n t a t i o n  c a l i b r a t i o n  i n d i c a t e  t h a t  
d i f f e r e n c e s  e x i s t  between the  pressures  measured b y  wind t u n n e l  rakes  and t h e  
pressures  measured i n  t h e  model t e s t  p l a n e  a t  t h e  model c e n t e r l i n e  l o c a t i o n  a t  
a l l  t unne l  Mach numbers, b u t  these d i f f e r e n c e s  d i m i n i s h  a t  l ower  t u n n e l  Mach 
numbers. There fore ,  p ressu re  measurements o b t a i n e d  from e i t h e r  o f  t h e  w ind  
tunne l  rakes  to  d e f i n e  the wind tunne l  o p e r a t i n g  c o n d i t i o n s  must be c o r r e c t e d  
t o  de termine accu ra te  f r e e s t r e a m  c o n d i t i o n s  a t  t h e  model c e n t e r l i n e  a t  a l l  tun-  
n e l  c o n d i t i o n s .  
The t e s t  s e c t i o n  boundary l a y e r  survey  r e s u l t s  i n d i c a t e  t h a t  t h e  boundary l a y e r  
thickness v a r i e s  th roughou t  t h e  t e s t  s e c t i o n ,  from a p p r o x i m a t e l y  2 .8  t o  3.5 i n .  
near  t h e  t e s t  s e c t i o n  en t rance ,  to  approx ima te l y  5 .3  i n .  near  t h e  model t e s t  
p lane ,  and from approx ima te l y  7.3 t o  13.5 i n .  near  t h e  t e s t  s e c t i o n  e x i t .  
INTRODUCTION 
I n  suppor t  o f  t h e  NASA Lewis Research Center  Advanced Turboprop P r o j e c t  
p r o p e l l e r  research  program, an i n v e s t i g a t i o n  was conducted i n  t h e  NASA Lewis 
9- by 15-Foot Low-Speed Wind Tunnel (LSWT) t o  de termine t h e  t e s t  s e c t i o n  f low 
c h a r a c t e r i s t i c s .  The wind tunne l  flow c h a r a c t e r i s t i c s  have been p r e v i o u s l y  
documented ( r e f .  1 ) .  However, w i t h  t h e  a d d i t i o n  o f  a c o u s t i c  i n s u l a t i o n  i n  t h e  
t e s t  s e c t i o n  and t h e  rep lacement  o f  p o r t i o n s  o f  t h e  wind tunne l  p ressu re  
i n s t r u m e n t a t i o n  which p r o v i d e s  t h e  wind tunne l  o p e r a t i n g  c o n d i t i o n s ,  ano the r  
i n v e s t i g a t i o n  was necessary t o  de termine t h e  t e s t  s e c t i o n  f l o w f i e l d  p r o p e r t i e s  
d u r i n g  wind tunne l  o p e r a t i o n .  
I n  p r o p e l l e r  t e s t i n g ,  t h e  aerodynamic per formance o f  t h e  p r o p e l l e r  i s  
expressed i n  t e r m s  o f  e f f i c i e n c y .  The p r o p e l l e r  per formance depends on seve ra l  
performance parameters,  i n c l u d i n g  t h e  p r o p e l l e r  power and the  f r e e s t r e a m  ve loc -  
i t y .  A t  a cons tan t  p r o p e l l e r  r o t a t i o n a l  speed, a 1.0-percent  change i n  t h e  
f rees t ream v e l o c i t y  near t h e  p r o p e l l e r  t a k e o f f  des ign  p o i n t  changes t h e  power 
absorbed by t h e  p r o p e l l e r  app rox ima te l y  1.3 p e r c e n t  and changes t h e  p r o p e l l e r  
e f f i c i e n c y  approx ima te l y  0.5 p e r c e n t .  The re fo re ,  an a c c u r a t e  v e l o c i t y  d i s t r i b u -  
t i o n  a t  t h e  prope l le r -mode l  p l a n e  o f  r o t a t i o n  i n  t h e  t e s t  s e c t i o n  must be known 
to  c o r r e c t l y  c a l c u l a t e  t h e  p r o p e l l e r  performance. 
The t e s t  s e c t i o n  f l o w f i e l d  i n v e s t i g a t i o n  c o n s i s t e d  of  severa l  p a r t s .  The 
f i r s t  p a r t  was t h e  d e t e r m i n a t i o n  o f  t h e  p ressu re  and Mach number p r o f i l e s  a t  
f o u r  a x i a l  l o c a t i o n s  i n  t h e  t e s t  s e c t i o n .  The a x i a l  survey  l o c a t i o n s  w e r e  
chosen to  o b t a i n  p ressu re  d a t a  near  t h e  t e s t  s e c t i o n  en t rance ,  t h e  model t e s t  
p lane  ( t h a t  i s ,  t h e  p lane  of  t h e  t e s t  s e c t i o n  where t h e  model i s  l o c a t e d  dur -  
i n g  t e s t i n g ,  i n c l u d i n g  t h e  prope l le r -mode l  p lane  o f  r o t a t i o n ) ,  and t h e  t e s t  
s e c t i o n  e x i t .  The second p a r t  of  t h e  i n v e s t i g a t i o n  was t h e  c a l i b r a t i o n  o f  t h e  
new wind tunne l  r a k e  i n s t r u m e n t a t i o n  used t o  determine t h e  wind t u n n e l  flow 
c o n d i t i o n s .  A r e l a t i o n s h i p  was found  between t h e  t o t a l  and s t a t i c  p ressu res  
measured by t h e  upst ream and downstream wind t u n n e l  rakes  and t h e  t o t a l  and 
s t a t i c  p ressures  measured a t  t h e  model c e n t e r l i n e  l o c a t i o n  i n  t h e  model t e s t  
p lane .  F i n a l l y ,  t h e  t e s t  s e c t i o n  boundary l a y e r  p r o f i l e  was de termined a t  
t h r e e  a x i a l  l o c a t i o n s  i n  t h e  t e s t  s e c t i o n :  near  t h e  t e s t  s e c t i o n  en t rance ,  
t h e  model t e s t  p lane ,  and t h e  t e s t  s e c t i o n  e x i t .  F l o w f i e l d  measurements were 
made a t  wind tunne l  Mach numbers 0.20, 0.15, 0.10, and 0.05. 
Th is  r e p o r t  p resen ts  t h e  r e s u l t s  o f  t h e  i n v e s t i g a t i o n  conducted t o  d e t e r -  
mine the  flow c h a r a c t e r i s t i c s  i n  t h e  t e s t  s e c t i o n  o f  t h e  NASA Lewis 9- by 
15-Foot Low-Speed Wind Tunnel .  The r e s u l t s  shown i n c l u d e  p r e s s u r e ,  Mach 
number, and boundary l a y e r  p r o f i l e s  a t  t h e  f o u r  a x i a l  survey  l o c a t i o n s ,  i n c l u d -  
i n g  t h e  t e s t  s e c t i o n  en t rance ,  t h e  model t e s t  p lane ,  and t h e  t e s t  s e c t i o n  e x i t .  
I n  a d d i t i o n ,  c a l i b r a t i o n  r e s u l t s  a r e  p resen ted  t h a t  c o r r e l a t e  t h e  p ressu res  
measured a t  t he  model t e s t  p l a n e  w i t h  t h e  p ressu res  measured by t h e  wind tun-  
ne l  rake  i n s t r u m e n t a t i o n  used t o  d e f i n e  t h e  wind tunne l  o p e r a t i n g  c o n d i t i o n s .  
SYMBOLS 
M Mach number 
I P p ressure ,  p s i  
2 
Q t o t a l  p ressu re  minus s t a t i c  p ressu re ,  p s i  
S u b s c r i p t s :  
c l  model t e s t  p lane  c e n t e r l i n e  c o n d i t i o n  
r e f  r e f e r e n c e  c o n d i t i o n  
s s t a t i c  c o n d i t i o n  
t t o t a l  c o n d i t i o n  
0 f r e e s t r e a m  c o n d i t i o n  
1 upstream wind tunne l  rake  c o n d i t i o n  
2 downstream wind tunne l  rake  c o n d i t i o n  
APPARATUS AND PROCEDURE 
Apparatus 
The 9- by 15-Foot Low-Speed Wind Tunnel (LSWT) i s  i l l u s t r a t e d  i n  f i g u r e  1 .  
The o v e r a l l  w ind tunne l  c i r c u i t  i s  shown i n  f i g u r e  l ( a > .  A s  shown, t h e  t e s t  
s e c t i o n  i s  l o c a t e d  i n  t h e  r e t u r n  l e g  o f  t h e  8- by  6-Foot Superson ic  Wind Tunnel 
(SWT). I n  f i g u r e  l ( b ) ,  a d iagram o f  t h e  t e s t  s e c t i o n  i s  shown. The t e s t  sec- 
t i o n  measures approx ima te l y  28.6 f t, from t h e  end of t h e  t u n n e l  i n l e t  s e c t i o n  
t o  t h e  b e g i n n i n g  o f  t h e  tunne l  d i f f u s e r  s e c t i o n .  
The photographs i n  f i g u r e  2 show t h e  i n s t r u m e n t a t i o n  hardware used i n  t h e  
i n v e s t i g a t i o n .  f i g u r e  2 (a )  i s  a v iew o f  t h e  t e s t  s e c t i o n  l o o k i n g  downstream 
from t h e  en t rance .  The n o r t h  w a l l  o f  t h e  t e s t  s e c t i o n  i s  on t h e  l e f t .  A c o u s t i c  
t r e a t m e n t  i n  t h e  t e s t  s e c t i o n  i s  p r o v i d e d  by p e r f o r a t e d  boxes c o v e r i n g  a l l  t h e  
t e s t  s e c t i o n  su r faces .  Severa l  o f  t h e  f o r w a r d  boundary l a y e r  survey  rakes  a r e  
shown on the l e f t .  Slots i n  t h e  t e s t  s e c t i o n  n o r t h  w a l l  a r e  shown r u n n i n g  from 
t h e  l e f t  s i d e  to t h e  c e n t e r  o f  t h e  photograph.  The upst ream wind t u n n e l  rake  
i s  shown i n  t h e  upper l e f t  co rne r .  The P i t o t - s t a t i c  f low survey  r a k e ,  i n s t a l l e d  
h o r i z o n t a l l y  i n  t h e  t e s t  s e c t i o n ,  i s  on  t h e  r i g h t .  The v e r t i c a l  t ube ,  perpen- 
d i c u l a r  t o  t h e  flow survey  rake ,  i s  t h e  secondary suppor t  tube.  
wind t u n n e l  r a k e  i s  d i r e c t l y  above t h e  f low survey  rake ,  n e x t  t o  t h e  secondary 
suppor t  tube,  a t  t he  r i g h t .  The model t e s t  p lane  boundary l a y e r  survey  r a k e  
i s  n e x t  t o  t h e  downstream wind tunne l  r a k e .  f i g u r e  2 (b>  p r o v i d e s  a v iew o f  
t h e  t e s t  s e c t i o n  i n s t r u m e n t a t i o n  l o o k i n g  upst ream from t h e  t e s t  s e c t i o n  e x i t .  
The l a r g e  a i r f o i l - s h a p e d  hardware around t h e  t e s t  s e c t i o n  e x i t  i s  t h e  a f t  
boundary l a y e r  survey  rakes .  
The downstream 
f i g u r e  3 shows t h e  l o c a t i o n  o f  t h e  wind t u n n e l  r a k e  i n s t r u m e n t a t i o n  and 
t h e  l o c a t i o n s  o f  the fo rward ,  model t e s t  p lane ,  and a f t  boundary l a y e r  survey  
rakes  used i n  the  i n v e s t i g a t i o n .  The f o r w a r d  boundary l a y e r  r a k e  l o c a t i o n s ,  
near  t h e  t e s t  s e c t i o n  en t rance  a t  t e s t  s e c t i o n  s t a t i o n  28, a r e  shown i n  
f i g u r e  3(a>.  A s  shown, two f o r w a r d  boundary l a y e r  rakes  w e r e  used on t h e  tun -  
n e l  c e i l i n g  and s i d e w a l l s ,  and one r a k e  on t h e  t u n n e l  f loor .  The t e s t  s e c t i o n  
s t a t i o n  number i s  t h e  d i s t a n c e  ( i n  i nches )  from t h e  b e g i n n i n g  o f  t h e  t e s t  
3 
s e c t i o n .  Test  s e c t i o n  s t a t i o n  0 corresponds to  t u n n e l  s t a t i o n  27.7 ( f i g .  l ( b ) )  
where the  tunne l  s t a t l o n  number i s  t he  d i s t a n c e  ( i n  f e e t )  from t h e  b e g i n n i n g  
o f  the  tunne l  i n l e t  s e c t i o n .  The a x i a l  l o c a t i o n s  o f  t h e  boundary l a y e r  rakes  
i n  the  t e s t  s e c t i o n  were determined by t h e  l o c a t i o n  o f  t h e  t o t a l  p ressu re  probe 
on top  o f  the  rake .  The boundary layer survey rakes  l o c a t e d  near t h e  same a x i a l  
l o c a t i o n  i n  t h e  t e s t  s e c t i o n  w e r e  g i v e n  the  same t e s t  s e c t i o n  s t a t i o n  number. 
F igu re  3(b)  shows l o c a t i o n s  f o r  the  a f t  boundary l a y e r  survey rakes  near  t h e  
t e s t  s e c t i o n  e x i t ,  a t  t e s t  s e c t i o n  s t a t i o n  336. Each tunne l  s u r f a c e  was 
ins t rumented w i t h  two a f t  boundary l a y e r  rakes .  The t e s t  s e c t i o n  l o c a t i o n s  of 
the  model t e s t  p lane  boundary l a y e r  r a k e  and the  two wind tunne l  rakes  a re  
shown i n  f i g u r e  3 ( c ) .  The model t e s t  p lane  boundary l a y e r  rake  was l o c a t e d  a t  
t e s t  s e c t i o n  s t a t i o n  210. The upst ream tunne l  rake  was l o c a t e d  a t  t e s t  s e c t i o n  
s t a t i o n  8, and the  downstream tunne l  rake  was l o c a t e d  a t  t e s t  s e c t i o n  s t a t i o n  
210. The downstream tunne l  r a k e  and t h e  model t e s t  p lane  boundary l a y e r  rake  
w e r e  p o s i t i o n e d  t o  o b t a i n  p ressu re  measurements near  t h e  Advanced Turboprop 
P r o j e c t  p rope l le r -mode l  p l a n e  o f  r o t a t i o n .  
The P i t o t - s t a t i c  flow survey  rake used i n  t h e  i n v e s t i g a t i o n  i s  shown i n  
f i g u r e  4. F i g u r e  4(a> p rov ides  a schematic ove rv iew  o f  t h e  f low survey  rake ,  
as seen from upstream o f  the  r a k e  and l o o k i n g  downstream. The flow survey  r a k e  
c o n s i s t e d  o f  20 P i t o t - s t a t i c  p ressu re  survey  probes mounted on a main suppor t  
tube t h a t  spanned the t e s t  s e c t i o n  h o r i z o n t a l l y ,  and was mounted t o  t h e  t u n n e l  
s t r u c t u r e  a t  b o t h  ends o f  t h e  main suppor t  t ube .  The survey probes on e i t h e r  
end of  t h e  rake  were l o c a t e d  approx ima te l y  0.5 f t  from t h e  t e s t  s e c t i o n  w a l l s .  
Near the  m idd le  o f  t h e  f l o w  survey  rake ,  a v e r t i c a l  secondary suppor t  tube,  
mounted to  t h e  t e s t  s e c t i o n  f loor  and c e i l i n g ,  was used t o  s t i f f e n  t h e  f low 
survey  rake  and p reven t  t h e  r a k e  f r c m  v i b r a t i n g  d u r i n g  t e s t i n g .  The spac ing  
of the  survey probes on t h e  f low survey  rake  a l l owed  b e t t e r  d a t a  r e s o l u t i o n  i n  
the  p rope l l e r -mode l  p lane  of r o t a t i c n  and near t h e  t e s t  s e c t i o n  w a l l s .  (The 
l o c a t i o n  of  t h e  model c e n t e r l i n e  i n  t h e  model t e s t  p lane  i s  2 f t  t o  t h e  l e f t  
of the  t e s t  s e c t i o n  c e n t e r l i n e ,  l o o k i n g  downstream). F i g u r e  4 (b )  i s  a photo-  
graph o f  a p o r t i o n  of  t h e  flow survey  r a k e  showing t h e  l e f t  s i de ,  or n o r t h  
w a l l ,  mount ing l o c a t i o n  and survey  probes 1 t h rough  8 .  The c l u s t e r i n g  of  sur-  
vey probes i n  t h e  t e s t  s e c t i o n  boundary l a y e r  and i n  t h e  l o c a t i o n  of t h e  model 
t e s t  p lane  can be seen. F i g u r e  4(c )  shows d e t a i l s  o f  a t y p i c a l  P i t o t - s t a t i c  
p ressu re  survey  probe used i n  t h e  flow survey  r a k e .  
o f  a s i n g l e  t o t a l  p ressu re  measurement ( o b t a i n e d  a t  t h e  hemispher ica l -shaped 
end of t h e  probe)  and a s i n g l e  s t a t i c  p ressu re  measurement ( p r o v i d e d  by  e i g h t  
e q u a l l y  spaced ho les  a t  t h e  same a x i a l  l o c a t i o n  around t h e  o u t s i d e  of t h e  
p robe) .  The survey probe des ign  a l l owed  a l a r g e  t o l e r a n c e  o f  f l o w  a n g u l a r i t y .  
The a x i a l  l o c a t i o n  o f  the  flow survey  rake  i n  t h e  t e s t  s e c t i o n  was de termined 
by the  l o c a t i o n  of  t h e  s t a t i c  p ressu re  measurment on t h e  model c e n t e r l i n e  sur -  
vey probe (probe 8). 
Each survey  probe c o n s i s t e d  
I The upst ream wind tunne l  rake  a t  t e s t  s e c t i o n  s t a t i o n  8 i s  shown i n  
I f i g u r e  5 ( a > .  The downstream wind tunne l  rake ,  a t  t e s t  s e c t i o n  s t a t i o n  210, i s  
s i m i l a r  i n  des ign  to t h e  upst ream wind tunne l  r a k e .  Both  t u n n e l  rakes  a r e  now 
p a r t  o f  t he  permanent wind tunne l  i n s t r u m e n t a t i o n .  The p i t o t - s t a t i c  p ressu re  
probe des ign  used i n  t h e  wind tunne l  rakes  i s  s i m i l a r  t o  t h e  p ressu re  survey  
probe des ign  used i n  t h e  f l o w  survey rake .  
ne l  rake  i n s t r u m e n t a t i o n  i n  t h e  t e s t  s e c t i o n ,  l i k e  t h e  l o c a t i o n  o f  t h e  flow 
survey rake ,  was de termined by t h e  l o c a t i o n  o f  t h e  s t a t i c  p ressu re  measurement 
on the  r a k e .  F i g u r e  5(b> p r o v i d e s  d e t a i l s  o f  t h e  wind t u n n e l  rakes .  The 
P i t o t - s t a t i c  p ressu re  probe i s  mounted a t  t h e  bo t tom of  t h e  rake .  The wind 
I 
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Instrumentation 
tunnel rakes extend approximately 12.25 in. into the flowfield from the test 
section ceiling, which is far enough into the test section to avoid the test 
section boundary layer. Four total temperature thermocouples were mounted on 
the rake above the pressure probe, far enough away to avoid influencing the 
flowfield around the pressure probe. 
Figure 6 provides details typical of the forward boundary layer survey 
rakes. Figure 6(a) i s  a closeup view of one forward boundary layer survey 
rake located near the test section entrance at test section station 28. The 
seven forward boundary layer rakes were simi lar to the boundary layer rake 
shown, having seven total pressure probes and being typically 5.75 in. tall. 
On each forward boundary layer rake, the farthest probe from the tunnel sur- 
face (the seventh probe) was not used. 
locations on the forward boundary layer survey rakes is shown in figure 6(b), 
and typical dimensions for each of the forward boundary layer rakes are given 
in table I(a). Figure 7(a> shows the model test plane boundary layer survey 
rake located at test section station 210. The rake was approximately 12.5 in. 
tall and consisted of 24 total pressure probes 0.5 in. apart. A schematic of 
the total pressure probe locations on the model test plane boundary layer 
survey rake is shown in figure 7(b>, and dimensions of the model test plane 
boundary layer rake are given in table I(b). Figure 8(+)  shows a typical aft 
boundary layer survey rake located near the test section exit at test section 
station 336. A schematic of the total pressure probe locations on the aft 
boundary layer rakes is shown in figure 8(b), and typical dimensions for each 
of the aft boundary layer rakes are given in table I(c>. 
layer rakes were typically 24.5 in. tall and consisted of 16 total pressure 
probes; however, the first and the last probes on each of the rakes were not 
used. 
A schematic of the total pressure probe 
The eight aft boundary 
During the investigation, two separate Electronically Scanned Pressure 
(ESP) measurement systems were used to obtain pressure data. The ESP system 
consists o f  a module with individual pressure ports. 
dedicated differential pressure transducer, w i t h  one side o f  the transducer 
connected to a constant reference pressure. 
obtained from each pressure port. In the investigation, one o f  the ESP systems 
used modules of 32 pressure ports, with each pressure port transducer having a 
full-scale measurement range of 30 psi (accurate to within 20.10 percent of 
full scale). The other ESP system used modules of 16 pressure ports, with each 
pressure port transducer having a full-scale measuring range of 2 psi (accurate 
to within 20.10 percent of full scale). 
Each port consists of a 
A single pressure measurement i s  
The accuracy required in obtaining pressure data determined which ESP sys- 
tem was used during the investigation. The total and static pressures from the 
Pitot-static flow survey rake were measured by using the 2-psi ESP system in 
order to obtain more accurate pressure measurements at lower tunnel Mach num- 
bers. This system was also used to measure the total and static pressures 
from the wind tunnel rake instrumentation at test section stations 8 and 210 
(fig. 3). The 30-psi ESP system was used to measure total pressures during the 
test section boundary layer surveys, where the accuracy of the pressure meas- 
urements was not as important. 
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Other  p e r t i n e n t  i n s t r u m e n t a t i o n  i n  the  f l o w f i e l d  i n v e s t i g a t i o n  was used 
to  o b t a i n  t h e  wind tunne l  t o t a l  tempera ture .  T o t a l  temperatures from the wind 
tunne l  rakes  were measured w i t h  Chromel-Alumel thermocouples ( f i g .  5 ) .  
Procedure 
The i n v e s t i g a t i o n  c o n s i s t e d  p r i m a r i l y  o f  t h r e e  p a r t s :  ( 1 )  d e t e r m i n a t i o n  
o f  t h e  wind tunne l  t e s t  s e c t i o n  flow c h a r a c t e r i s t i c s  i n  a c ross -sec t i ona l  p lane  
a t  f o u r  a x i a l  l o c a t i o n s  i n  t h e  t e s t  s e c t i o n ;  ( 2 )  c a l i b r a t i o n  o f  t h e  new wind 
tunne l  r a k e  i n s t r u m e n t a t i o n  by c o r r e l a t i n g  t h e  t o t a l  p ressu re  and s t a t i c  p res-  
sure measured a t  each wind tunne l  r a k e  w i t h  t h e  t o t a l  p ressu re  and s t a t i c  pres-  
sure measured a t  t h e  model c e n t e r l i n e  l o c a t i o n  i n  t h e  t e s t  s e c t i o n  model t e s t  
p lane;  and (3 )  d e t e r m i n a t i o n  o f  t h e  t e s t  s e c t i o n  boundary l a y e r  a t  t h r e e  a x i a l  
l o c a t i o n s  i n  the  t e s t  s e c t i o n .  D u r i n g  t h e  i n v e s t i g a t i o n ,  t h e  upstream wind 
tunne l  r a k e  a t  t e s t  s e c t i o n  s t a t i o n  8 was used t o  o b t a i n  t h e  wind tunne l  oper-  
a t i n g  c o n d i t i o n s  ( t o t a l  and s t a t i c  p ressu re  and t o t a l  tempera ture) .  These tun-  
n e l  o p e r a t i n g  c o n d i t i o n s  a r e  r e f e r r e d  to as t h e  " re fe rence  c o n d i t i o n s . "  
t h e  r e f e r e n c e  c o n d i t i o n s ,  t h e  wind tunne l  flow v e l o c i t y  was de termined.  The 
f l o w f i e l d  i n v e s t i g a t i o n  was conducted a t  r e f e r e n c e  Mach numbers 0.20, 0.15, 
0.10, and 0.05.  
From 
F i g u r e  9 shows t h e  l o c a t i o n s  where a x i a l  f l o w f i e l d  surveys were made i n  
T o t a l  and s t a t i c  p ressu re  measurements were taken a t  four t h e  t e s t  s e c t i o n .  
a x i a l  survey  l o c a t i o n s  i n  t h e  t e s t  s e c t i o n ,  co r respond ing  t o  t e s t  s e c t i o n  s t a -  
t i o n s  12, 134, 215, and 294 (and a x i a l  survey  l o c a t i o n s  1, 2 ,  3, and 4, respec- 
t i v e l y ) .  A t  each a x i a l  survey  l o c a t i o n ,  p ressu re  measurements were made a t  
t h r e e  v e r t i c a l  survey  l o c a t i o n s ,  except  a t  t e s t  s e c t i o n  s t a t i o n  215 ( a x i a l  sur-  
vey l o c a t i o n  3) where 10 v e r t i c a l  l o c a t i o n s  were i n v e s t i g a t e d .  I n  t a b l e  11, 
t h e  v e r t i c a l  survey  t e s t  m a t r i x  used a t  each a x i a l  survey  l o c a t i o n  i s  g i v e n .  
The f l o w f i e l d  survey  l o c a t i o n s  were s e l e c t e d  t o  p r o v i d e  i n f o r m a t i o n  on t h e  
flow c h a r a c t e r i s t i c s  w i t h i n  t h e  t e s t  s e c t i o n ,  p a r t i c u l a r l y  near  t h e  t e s t  sec- 
t i o n  model t e s t  p lane .  A t  t e s t  s e c t i o n  s t a t i o n  215, more d e t a i l e d  survey  
i n f o r m a t i o n  was o b t a i n e d  near  t h e  Advanced Turboprop P r o j e c t  p r o p e l  ler -model  
p lane  o f  r o t a t i o n .  
T o t a l  and s t a t i c  p ressu re  f l o w f i e l d  survey  measurements were made i n  t h e  
t e s t  s e c t i o n  w i t h  t h e  20-probe P i t o t - s t a t i c  flow survey  r a k e  ( f i g .  4 ) .  Pres- 
sure  measurements were taken a t  a l l  f o u r  r e f e r e n c e  Mach numbers f o r  each v e r t i -  
c a l  survey  l o c a t i o n  a t  each a x i a l  su rvey  l o c a t i o n .  A t  each r e f e r e n c e  Mach 
number, f i v e  d a t a  p o i n t s  were reco rded  a t  30-sec i n t e r v a l s  t o  a l l o w  f o r  t r a n s i -  
e n t s  i n  t h e  f low. The 20 t o t a l  and s t a t i c  p ressu re  measurements o b t a i n e d  w i t h  
t h e  f l ow  survey  r a k e  were reco rded  s i m u l t a n e o u s l y  for  each d a t a  p o i n t .  
flow survey r a k e  was r e p o s i t i o n e d  t o  a new v e r t i c a l  survey l o c a t i o n  a f t e r  p res-  
sure measurements were made a t  t h e  f o u r  r e f e r e n c e  Mach numbers. A t  t h e  comple- 
t i o n  o f  t h e  v e r t i c a l  survey  t e s t  m a t r i x  (depending on t h e  a x i a l  survey  l o c a t i o n ,  
t a b l e  111, t h e  f low survey r a k e  was moved t o  a new a x i a l  survey  l o c a t i o n  i n  
the  t e s t  s e c t i o n .  
The 
The P i t o t - s t a t i c  f low su rvey  r a k e  was a l s c  used to  c a l i b r a t e  t h e  new wind 
tunne l  r a k e  i n s t r u m e n t a t i o n ,  a t  t e s t  s e c t i o n  s t a t i o n s  8 and 210 ( f i g .  3 ) ,  t h a t  
p rov ides  t h e  wind tunne l  flow c o n d i t i o n s .  For t h e  wind t u n n e l  r a k e  inst rumen- 
t a t i o n  c a l i b r a t i o n ,  t he  f low su rvey  r a k e  was p o s i t i o n e d  a t  t e s t  s e c t i o n  s t a t l o n  
215 ( a x i a l  survey  l o c a t i o n  3, f i g .  91, a t  t h e  c e n t e r  o f  t h e  t e s t  s e c t i o n  ( v e r -  
t i c a l  survey  l o c a t i o n  7, t a b l e  I). T o t a l  and s t a t i c  p ressu re  measurements 
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w e r e  made a t  each r e f e r e n c e  Mach number a t  t h e  model c e n t e r l i n e  l o c a t i o n  i n  t h e  
t e s t  s e c t i o n  model t e s t  p lane  (co r respond ing  to  survey  probe 8 ( f i g .  4 )  on t h e  
f low survey  r a k e ) .  The model c e n t e r l i n e  p ressu re  measurements w e r e  l a t e r  cor- 
r e l a t e d  w i t h  t h e  t o t a l  and s t a t i c  p ressu re  measurements taken s imu l taneous ly  a t  
each of t h e  wind tunne l  r a k e  l o c a t i o n s .  
The boundary l a y e r  p r o f i l e  surveys taken a t  t e s t  s e c t i o n  s t a t i o n s  28, 210, 
and 336 (near  t h e  t e s t  s e c t i o n  en t rance,  t h e  model t e s t  p lane,  and t h e  t e s t  
s e c t i o n  e x i t ,  r e s p e c t i v e l y  ( f i g .  3)) were done i n  c o n j u n c t i o n  w i t h  the  p i t o t -  
s t a t i c  f l o w f i e l d  surveys a t  each r e f e r e n c e  Mach number. I n  o r d e r  t o  m in im ize  
any e f f e c t  o f  t h e  f low survey  rake  on t h e  boundary l a y e r  survey  r e s u l t s ,  a 
boundary l a y e r  survey  was done w i t h  t h e  f low survey  r a k e  p o s i t i o n e d  a t  t h e  f a r -  
t h e s t  p o i n t  away from t h e  boundary l a y e r  survey  l o c a t i o n .  
RESULTS AND DISCUSSION 
To p r o v i d e  a q u a l i t a t i v e  summary o f  t h e  t e s t  s e c t i o n  f l o w f i e l d  survey ,  
r e s u l t s  a r e  p resented  as t o t a l  p ressu re ,  s t a t i c  p ressu re ,  and Mach number r a t i o  
con tou rs .  Both  t h e  c r o s s - s e c t i o n a l  and a x i a l  con tou rs  p r e s e n t  r e s u l t s  o b t a i n e d  
o n l y  w i t h i n  t h e  area  i n v e s t i g a t e d  w i t h  t h e  f low survey  r a k e ,  n o t  t he  e n t i r e  
t e s t  s e c t i o n  c r o s s - s e c t i o n a l  o r  a x i a l  p lanes .  The d i f f e r e n c e s  between t h e  
p ressu re  r a t i o  con tou r  l e v e l s  r e p r e s e n t  t h e  accuracy  o f  t h e  r e s u l t s ,  or  
=0.030 p e r c e n t .  The d i f f e r e n c e s  between Mach number r a t i o  con tou r  l e v e l s  a l s o  
r e p r e s e n t  t h e  accuracy  o f  t h e  p ressu re  r e s u l t s ,  s i n c e  t h e  Mach number i s  ca l cu -  
l a t e d  from t h e  t o t a l  and t h e  s t a t i c  p ressu re .  The accuracy  o f  t h e  Mach number 
r e s u l t s ,  however, decreases a t  lower r e f e r e n c e  Mach numbers s i n c e  t h e  e r r o r  of 
the  p ressu re  measurement i n t r o d u c e d  i n t o  t h e  Mach number c a l c u l a t i o n  becomes 
more s i g n i f i c a n t .  More d e t a i l e d  r e p r e s e n t a t i o n s  o f  t h e  t e s t  s e c t i o n  f l o w f i e l d  
survey r e s u l t s  a re  p resen ted  i n  appendixes A t h rough  F. 
T e s t  S e c t i o n  Cross-Sect iona l  P r o f i l e s  
Tes t  s e c t i o n  c r o s s - s e c t i o n a l  f l o w f i e l d  survey  r e s u l t s  a t  each a x i a l  sur -  
vey l o c a t i o n  a r e  presented i n  f i g u r e s  10 t o  12 for r e f e r e n c e  Mach numbers 0.20, 
0.15, and 0.10. The f i g u r e s  p r e s e n t  t o t a l  and s t a t i c  p ressu re  r a t i o  and Mach 
number r a t i o  con tou rs  for v e r t i c a l  survey  l o c a t i o n s  3, 7 ,  and 11 ( t a b l e  I )  a t  
a x i a l  survey  l o c a t i o n s  1 ,  2 ,  and 4 ( f i g .  91, and v e r t i c a l  survey  l o c a t i o n s  2 
th rough  1 1  a t  a x i a l  survey  l o c a t i o n  3 ( f i g .  9 ) .  The f low survey  r e s u l t s  a t  
r e f e r e n c e  Mach number 0.05 a re  n o t  shown s i n c e  t h e  p ressu re  and Mach number 
v a r i a t i o n s  i n  t h e  t e s t  s e c t i o n  c o u l d  n o t  be seen i n  t h e  r e s u l t s .  Table I I I ( a >  
p r o v i d e s  a summary o f  t h e  c r o s s - s e c t i o n a l  t o t a l  and s t a t i c  p ressu re  and Mach 
number v a r i a t i o n s  i n  t h e  t e s t  s e c t i o n  a t  r e f e r e n c e  Mach number 0.20. 
T o t a l  p ressu re  c r o s s - s e c t i o n a l  f l o w f i e l d  survey  r e s u l t s  a t  a x i a l  survey  
l o c a t i o n s  2 ,  3, and 4 a r e  shown i n  f i g u r e  10. The r e s u l t s  a t  a x i a l  survey  
l o c a t i o n  1 a r e  n o t  p resen ted  s i n c e  t h e  t o t a l  p ressu re  v a r i a t i o n s  were n o t  l a r g e  
enough t o  be seen i n  t h e  con tou r  r e s u l t s  a t  any r e f e r e n c e  Mach number. 
r e s u l t s  a t  t h e  o t h e r  a x i a l  survey  l o c a t i o n s  show a near  u n i f o r m  t o t a l  p ressu re  
d i s t r i b u t i o n  across  t h e  t e s t  s e c t i o n  a t  a l l  r e f e r e n c e  Mach numbers, w i t h  t h e  
l a r g e s t  t o t a l  p ressu re  d i f f e r e n c e s  o c c u r r i n g  w i t h i n  t h e  t e s t  s e c t i o n  boundary 
l a y e r .  The l a r g e s t  t o t a l  p ressu re  d i f f e r e n c e  observed o u t s i d e  t h e  boundary 
The 
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l a y e r  was a t  a x i a l  survey l o c a t i o n  4 a t  re fe rence  Mach number 0.20 ( t a b l e  I I I ( a 1  
and f i g .  l O ( g ) ) .  The t h i c k e r  w a l l  boundary l a y e r  a t  t he  a x i a l  survey  l o c a t i o n s  
f a r t h e r  downstream i s  e v i d e n t  i n  t h e  r e s u l t s .  The i r r e g u l a r  shape of t h e  bound- 
a r y  l a y e r ,  e s p e c i a l l y  toward t h e  upper p o r t i o n  o f  t h e  t e s t  s e c t i o n ,  can p o s s i -  
b l y  be a t t r i b u t e d  to  flow around t h e  t e s t  s e c t i o n  w a l l  s lo ts  ( f i g s .  10 (a ) ,  ( d ) ,  
and ( e ) ) .  The to ta l  p ressu re  v a r i a t i o n s  w e r e  n o t  as l a r g e  a t  lower  t u n n e l  
Mach numbers ( f i g s .  lO (c ) ,  ( f ) ,  and ( i)). 
F i g u r e  1 1  p resen ts  t h e  s t a t i c  p ressu re  c r o s s - s e c t i o n a l  f l o w f i e l d  survey  
r e s u l t s  a t  a x i a l  survey l o c a t i o n s  1 t h rough  4 .  The r e s u l t s  show a l a r g e  s t a t i c  
p ressu re  v a r i a t i o n  i n  t h e  t e s t  s e c t i o n  a t  a x i a l  survey  l o c a t i o n  1 near t h e  t e s t  
s e c t i o n  en t rance ( f i g s .  l l ( a )  to  ( c ) ) ,  due t o  t h e  l a r g e  c o n t r a c t i o n  r a t i o  o f  
t he  i n l e t  s e c t i o n .  Smal le r  s t a t i c  p ressu re  v a r i a t i o n s  a re  shown downstream o f  
a x i a l  survey  l o c a t i o n  1 and away from t h e  t e s t  s e c t i o n  w a l l s  ( f i g s .  l l ( d > ,  ( g ) ,  
and ( j ) ) .  Near t h e  t e s t  s e c t i o n  w a l l s ,  t h e  s t a t i c  p ressu re  p r o f i l e s  appear to  
be a f f e c t e d  by the  f low around t h e  t e s t  s e c t i o n  w a l l  s lo ts ,  s ince  l a r g e  v a r i a -  
t i o n s  can be seen t h e r e ,  e s p e c i a l l y  a t  re fe rence Mach number 0.20 ( f i g s .  l l ( d ) ,  
( g ) ,  and ( j ) ) .  P a r t  of t h e  s t a t i c  p ressu re  v a r i a t i o n  observed near  t h e  c e n t e r  
o f  t h e  t e s t  s e c t i o n  may p o s s i b l y  be due t o  a flow survey  rake  hardware problem, 
s i n c e  t h e  p ressu re  d i f f e rence  p e r s i s t s  a t  n e a r l y  t h e  same l e v e l  f o r  a l l  a x i a l  
survey l o c a t i o n s  a t  each r e f e r e n c e  Mach number. However, t h e  e r r o r  i n t r o d u c e d  
i n t o  the  s t a t i c  p ressu re  r e s u l t s  i s  on t h e  o r d e r  o f  t h e  accuracy o f  t h e  
r e s u l t s ,  or 20.030 p e r c e n t .  Away from t h e  t e s t  s e c t i o n  w a l l s ,  t h e  l a r g e s t  d i f -  
f e rence  i n  s t a t i c  p ressu re  measured was a t  a x i a l  survey  l o c a t i o n  1 a t  r e f e r -  
ence Mach number 0 .20  ( t a b l e  I I I ( a )  and f i g .  l l ( a ) ) .  Downstream o f  a x i a l  
survey  l o c a t i o n  1 ,  f a r t h e r  away from t h e  i n f l u e n c e  o f  t h e  i n l e t  s e c t i o n  con- 
t r a c t i o n  r a t i o ,  t h e  l a r g e s t  d i f f e r e n c e  i n  s t a t i c  p ressu re  was measured a t  a x i a l  
survey  l o c a t i o n  4 ,  near  t h e  t e s t  s e c t i o n  e x i t ,  a t  a r e f e r e n c e  Mach number o f  
0.20 ( t a b l e  I I I ( a )  and f i g .  l l< j>>. The v a r i a t i o n s  i n  s t a t i c  p ressu re  were 
s m a l l e r  a t  lower  tunne l  Mach number ( f i g s .  l l ( c ) ,  ( f ) ,  ( i), and ( 1 ) ) .  
Mach number c r o s s - s e c t i o n a l  f l o w f i e l d  survey  r e s u l t s  a t  a x i a l  survey  loca-  
t i o n s  l through 4 a r e  shown i n  f i g u r e  12. The r e s u l t s  i n d i c a t e  t h e  same t r e n d s  
as t h e  t o t a l  and s t a t i c  p ressu re  survey  r e s u l t s .  Large Mach number v a r i a t i o n s ,  
caused by f l ow  d i s t o r t i o n s  induced by t h e  l a r g e  i n l e t  s e c t i o n  c o n t r a c t i o n  
r a t i o ,  were found a t  a x i a l  surv.ey l o c a t i o n  1 ( f i g s .  12(a)  t o  ( c ) ) .  Smal le r  
Mach number d i f f e r e n c e s  w e r e  found  i n  t h e  t e s t  s e c t i o n  downstream o f  a x i a l  sur -  
vey l o c a t i o n  1 and away from t h e  t e s t  s e c t i o n  w a l l s  ( f i g s .  12 (d ) ,  ( g ) ,  and 
( j ) ) .  The l a r g e s t  d i f f e r e n c e  i n  Mach number was found a t  a x i a l  survey  loca-  
t i o n  l a t  r e f e r e n c e  Mach number 0.20 ( t a b l e  I I I ( a )  and f i g .  12 (a ) ) .  Downstream 
f r o m  a x i a l  survey  l o c a t i o n  1 ,  t h e  l a r g e s t  Mach number d i f f e r e n c e  was found a t  
a x i a l  survey  l o c a t i o n  3 ( t a b l e  I I I ( a )  and f i g .  1 2 ( d ) > .  The t h i c k e r  boundary 
l a y e r  downstream can be seen i n  t h e  f i g u r e ,  w i t h  l a r g e  v a r i a t i o n s  i n  Mach 
number near t h e  upper p o r t i o n  of t h e  t e s t  s e c t i o n  ( f i g s .  12(d) ,  ( g ) ,  and ( j ) )  
which a r e  p robab ly  due t o  t h e  flow around t h e  t e s t  s e c t i o n  w a l l  s l o t s .  The 
Mach number v a r i a t i o n s  were s m a l l e r  a t  lower re fe rence Mach numbers, e s p e c i a l l y  
a t  t he  upper p o r t i o n s  o f  t h e  t e s t  s e c t i o n  ( f i g s .  l l ( c ) ,  ( f ) ,  (11, and ( 1 ) ) .  
I T e s t  S e c t i o n  A x i a l  Prof i les  
I Test  s e c t i o n  a x i a l  f l o w f i e l d  survey  r e s u l t s  a r e  p resen ted  i n  f i g u r e s  13 
to  15. T o t a l  and s t a t i c  p ressu re  r a t i o  and Mach number r a t i o  con tou rs  a re  I I 
I , 8 
presented  for a x i a l  survey  l o c a t i o n s  1 th rough 4 a t  v e r t  
3, 7 and 1 1  ( t a b l e  I) a t  re fe rence Mach numbers 0.20, 0. 
f l o w f i e l d  survey r e s u l t s  a r e  n o t  shown a t  r e f e r e n c e  Mach 
the  pressure  and Mach number v a r i a t i o n s  i n  the  t e s t  s e c t  
I n  the  con tou r  r e s u l t s .  Table I I I ( b >  p rov ides  a summary 
the  a x i a l  t o t a l  and s t a t i c  p ressure ,  and Mach number i n  
re fe rence  Mach number 0.20. 
c a l  survey  l o c a t i o n s  
5 ,  and 0.10. The 
number 0.05, s i n c e  
on c o u l d  n o t  be seen 
o f  t h e  v a r i a t i o n s  i n  
he t e s t  s e c t i o n  a t  
To ta l  p ressu re  a x i a l  f l o w f i e l d  survey r e s u l t s  a r e  p resen ted  i n  f i g u r e  1 3 .  
The t o t a l  p ressu re  u n i f o r m i t y  i n  t h e  t e s t  s e c t i o n  o u t s i d e  the  t e s t  s e c t i o n  
boundary l a y e r  i s  shown i n  t h e  f i g u r e .  The l a r g e s t  downstream v a r i a t i o n  i n  
t o t a l  p ressure  o u t s i d e  t h e  boundary l a y e r  was a t  v e r t i c a l  survey  l o c a t i o n  11 
a t  r e f e r e n c e  Mach number 0.20 ( t a b l e  I I I ( b >  and f i g .  1 3 ( g > > .  The a x i a l  g rowth  
i n  the  t e s t  s e c t i o n  boundary l a y e r  can a l s o  be seen i n  t h e  f i g u r e ,  w i t h  a s i g -  
n i f i c a n t l y  l a r g e r  boundary l a y e r  toward t h e  upper p o r t i o n  o f  t h e  t e s t  s e c t i o n  
( f i g s .  13(g) t o  ( i)). The t o t a l  p ressu re  v a r i a t i o n s  were s m a l l e r  a t  lower  Mach 
number ( f i g s .  13(c ) ,  ( f ) ,  and (i)). 
f i g u r e  14 p resen ts  the  s t a t i c  p ressu re  a x i a l  f l o w f i e l d  survey  r e s u l t s .  A 
l a r g e  v a r i a t i o n  i n  t h e  s t a t i c  p ressu re  near  t h e  t e s t  s e c t i o n  en t rance  a t  a x i a l  
survey l o c a t i o n  1 ,  due to  t h e  l a r g e  i n l e t  s e c t i o n  c o n t r a c t i o n  r a t i o ,  can be 
seen a t  a l l  v e r t i c a l  survey  l o c a t i o n s .  A s m a l l e r  v a r i a t i o n  i n  t h e  s t a t i c  p res -  
sure across  t h e  t e s t  s e c t i o n  downstream o f  the  t e s t  s e c t i o n  en t rance  can a l s o  
be seen a t  a l l  v e r t i c a l  survey  l o c a t i o n s .  The l a r g e s t  v a r i a t i o n  i n  s t a t i c  
p ressu re  from a x i a l  survey l o c a t i o n s  1 t o  4 was found a t  v e r t i c a l  survey  l oca -  
t i o n  7 a t  r e f e r e n c e  Mach number 0.20 ( t a b l e  I I I ( b >  and f i g .  14 (d )> .  Downstream 
from t h e  t e s t  s e c t i o n  en t rance  (and away from t h e  i n f l u e n c e  o f  t h e  i n l e t  sec- 
t i o n ) ,  t h e  l a r g e s t  s t a t i c  p ressure  v a r i a t i o n ,  from a x i a l  su rvey  l o c a t i o n s  2 t o  
4, was found a t  v e r t i c a l  survey l o c a t i o n  3 a t  r e f e r e n c e  Mach number 0.20 
( t a b l e  I I I ( b >  and f i g .  1 4 ( a > ) .  The p o s s i b l e  e r ro r  i n t r o d u c e d  i n t o  t h e  s t a t i c  
p ressu re  r e s u l t s  by  t h e  hardware prob lem w i t h  t h e  f low survey  r a k e  can be seen 
i n  the  f i g u r e  near  t h e  c e n t e r  o f  t h e  t e s t  s e c t i o n  a t  a l l  v e r t i c a l  survey  l oca -  
t ions.  This i s  e s p e c i a l l y  t r u e  f a r t h e r  downstream, where t h e  s t a t i c  p r e s s u r e  
contours  a r e  f a r t h e r  a p a r t ,  and t h e  s t a t i c  p ressu re  v a r i a t i o n s  a r e  s m a l l e r .  
The f low around t h e  t e s t  s e c t i o n  w a l l  s l o t s ,  and i t s  e f f e c t  on the  s t a t i c  p res -  
sure ,  can be seen as a change i n  t h e  d i r e c t i o n  o f  t h e  con tou rs  near  t h e  t e s t  
s e c t i o n  w a l l s ,  e s p e c i a l l y  a t  r e f e r e n c e  Mach number 0.20 ( f i g s .  14(a) ,  ( d ) ,  and 
( g ) ) .  The a x i a l  v a r i a t i o n s  i n  t h e  s t a t i c  Dressure were s m a l l e r  a t  lower  tun-  
ne 1 
The 
t i o n  
VeY 
from 
r e f e  
t i o n  
ach number ( f i g s .  1 4 ( c > ,  ( f) ,  and (i)) 
The Mach number a x i a l  f l o w f i e l d  survey  r e s u l t s  a r e  p resen ted  i n  f i g u r e  15. 
arge Mach number v a r i a t i o n s  a t  a x i a l  survey  l o c a t i o n  1 near  t h e  t e s t  sec- 
en t rance ,  which d i m i n i s h  downstream, can be seen a t  a l l  t h e  v e r t i c a l  su r -  
o c a t i o n s .  The l a r g e s t  v a r i a t i o n  i n  the  Mach number i n  t h e  t e s t  s e c t i o n  
a x i a l  survey l o c a t i o n s  1 t o  4 was found a t  v e r t i c a l  su rvey  l o c a t i o n  7 a t  
ence Mach number 0.20 ( t a b l e  I I I ( b >  and f i g .  1 5 ( d > > .  The l a r g e s t  v a r i a -  
i n  t h e  Mach number downstream from t h e  t e s t  s e c t i o n  en t rance ,  from a x i a l  
survey  l o c a t i o n s  2 t o  4 ,  was found a t  v e r t i c a l  survey  l o c a t i o n  3 a t  r e f e r e n c e  
Mach number 0.20 ( t a b l e  I I I ( b )  and f i g .  1 5 ( a > > .  The t h i c k e r  boundary l a y e r  
downstream i n  t h e  t e s t  s e c t i o n ,  e s p e c i a l l y  near  t h e  upper p o r t i o n  o f  t h e  t e s t  
s e c t i o n ,  can a l s o  be seen ( f i g s .  15(g> t o  ( i l l .  The Mach number v a r i a t i o n s  
were s m a l l e r  a t  lower  r e f e r e n c e  Mach numbers ( f i g s .  15(c ) ,  ( f ) ,  and ( i)). 
9 
Wind Tunnel I n s t r u m e n t a t i o n  C a l i b r a t i o n  
F igures  16 and 17 p r e s e n t  t h e  w ind  tunne l  rake  i n s t r u m e n t a t i o n  t o t a l  and 
s t a t i c  p ressure  c a l i b r a t i o n  r e s u l t s .  
r a t i o  o f  t h e  model c e n t e r l i n e  p ressu re  to  wind tunne l  r a k e  p ressu re  as a func-  
t i o n  o f  the  normal ized  tunne l  r a k e  Q ( t o t a l  minus s t a t i c  p r e s s u r e ) .  The r e s u l t s  
p r o v i d e  a c o r r e l a t i o n  between t h e  t o t a l  p ressu re  and s t a t i c  p ressu re  measured 
a t  t he  wind tunne l  rake  l o c a t i o n s  ( f i g s .  3 and 9) and t h e  t o t a l  p ressu re  and 
s t a t i c  p ressure  measured a t  t h e  model c e n t e r l i n e  l o c a t i o n  i n  the  model t e s t  
p lane ( a x i a l  survey l o c a t i o n  3 ,  t e s t  s e c t i o n  s t a t i o n  215>,  near  t h e  p r o p e l l e r -  
model p lane o f  r o t a t i o n  ( f i g .  9 ) .  The t o t a l  and s t a t i c  p ressu re  c a l i b r a t i o n  
r e s u l t s  were c u r v e f i t ,  and equa t ions  were d e r i v e d  f o r  use i n  c a l c u l a t i n g  t h e  
f low c o n d i t i o n s  a t  t h e  model c e n t e r l i n e  d u r i n g  t e s t i n g .  
rake  pressure  c a l i b r a t i o n  equa t ions ,  a p p l i c a b l e  a t  a l l  t u n n e l  f low c o n d i t i o n s ,  
a re  g i ven  i n  appendix G.  Table I V  p r o v i d e s  a summary o f  t h e  t o t a l  p ressu re ,  
s t a t i c  p ressure ,  and Mach number d i f f e r e n c e s  between t h e  wind t u n n e l  r a k e  l oca -  
t i o n s  and the  model c e n t e r l i n e  l o c a t i o n  a t  a re fe rence Mach number o f  0.20. 
The r e s u l t s  a r e  p resented  i n  terms of t h e  
These wind t u n n e l  
The r e s u l t s  o f  the  t o t a l  p ressu re  c a l i b r a t i o n  of t h e  wind t u n n e l  r a k e  
i n s t r u m e n t a t i o n  a r e  p resen ted  i n  f i g u r e  16. The c o r r e l a t i o n  between t h e  t o t a l  
p ressure  measured a t  t h e  upst ream tunne l  r a k e  ( t e s t  s e c t i o n  s t a t i o n  8)  and a t  
t he  model c e n t e r l i n e  i s  shown i n  f i g u r e  16 (a> .  F i g u r e  16(b> shows t h e  c o r r e l a -  
t i o n  between t h e  t o t a l  p ressu re  measured a t  t h e  downstream t u n n e l  r a k e  ( t e s t  
s e c t i o n  s t a t i o n  210) and a t  t h e  model c e n t e r l i n e .  A t  a l l  r e f e r e n c e  Mach num- 
bers ,  t h e  model c e n t e r l i n e  t o t a l  p ressu re  was lower  than  t h e  t o t a l  p ressu re  a t  
e i t h e r  wind tunne l  rake  l o c a t i o n .  However, t h e  t o t a l  p ressu re  d i f f e r e n c e s  
between the  upst ream tunne l  r a k e  and t h e  model c e n t e r l i n e  were s m a l l e r  t han  t h e  
d i f f e r e n c e s  between the  downstream t u n n e l  r a k e  and t h e  model c e n t e r l i n e .  The 
l a r g e s t  t o t a l  p ressu re  d i f f e rences  were found a t  re fe rence  Mach number 0.20 
( t a b l e  IV). 
The r e s u l t s  o f  the  s t a t i c  p ressu re  c a l i b r a t i o n  o f  t h e  wind t u n n e l  r a k e  
i n s t r u m e n t a t i o n  a r e  p resen ted  i n  f i g u r e  17. The c o r r e l a t i o n  between t h e  s t a t i c  
p ressu re  measured a t  t h e  upst ream tunne l  r a k e  and a t  t h e  model c e n t e r l i n e  l oca -  
t i o n  a r e  shown i n  f i g u r e  17(a) .  A t  a l l  r e f e r e n c e  Mach numbers, t h e  s t a t i c  
p ressure  was lower  a t  t he  model c e n t e r l i n e  t h a n  a t  t h e  upst ream t u n n e l  r a k e .  
I n  f i g u r e  17(b) ,  t he  c o r r e l a t i o n  between s t a t i c  p ressu re  measured a t  t h e  down- 
s t ream tunne l  rake  and a t  t h e  model c e n t e r l i n e  l o c a t i o n  i s  p resented .  Here, 
the  model c e n t e r l i n e  s t a t i c  p ressu re  was h i g h e r  than  t h e  downstream t u n n e l  r a k e  
s t a t i c  p ressure  a t  a l l  r e f e r e n c e  Mach numbers. The l a r g e s t  d i f f e r e n c e s  i n  
s t a t i c  p ressure  o c c u r r e d  a t  re fe rence  Mach number 0 .20  ( t a b l e  IV). 
The d i f f e r e n c e s  i n  t o t a l  p ressu re  and s t a t i c  p ressu re  between t h e  model 
c e n t e r l i n e  l o c a t i o n  and t h e  wind t u n n e l  r a k e  l o c a t i o n s  i n  terms o f  Mach number 
a re  g i v e n  i n  t a b l e  I V .  A t  an upst ream tunne l  r a k e  Mach number o f  0.20, t h e  
Mach number a t  the model c e n t e r l i n e  i s  a p p r o x i m a t e l y  2 .65 p e r c e n t  h i g h e r ,  or 
Mach number 0.2053; a t  a downstream tunne l  r a k e  Mach number o f  0.20, t h e  model 
c e n t e r l i n e  Mach number i s  a p p r o x i m a t e l y  0 .90 p e r c e n t  l ower ,  or Mach 0.1982. 
T e s t  S e c t i o n  Boundary Layer  P r o f i l e s  
The t e s t  s e c t i o n  boundary l a y e r  survey  r e s u l t s  a r e  p resen ted  i n  f i g u r e s  18 
to 20 f o r  r e f e r e n c e  Mach numbers 0.20,  0.15, 0.10, and 0.05. The r e s u l t s  a re  
p resented  i n  terms o f  t h e  d i s t a n c e  from t h e  t u n n e l  s u r f a c e  and t h e  r a t i o  o f  t h e  
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r a k e  probe t o t a l  p ressure  t o  r e f e r e n c e  t o t a l  p ressu re .  A t  each r e f e r e n c e  Mach 
number, t h e  approx imate th i ckness  o f  the tunne l  boundary l a y e r  a t  any p a r t i c u -  
l a r  boundary l a y e r  survey l o c a t i o n  was determined from t h e  p r o f i l e  r e s u l t s  
where t h e  t o ta l  p ressu re  measured was 99.9 pe rcen t  o f  the  r e f e r e n c e  t o t a l  p res-  
sure  (wh ich  was t h e  upstream wind tunne l  r a k e  t o t a l  p ressu re  d u r i n g  t h e  inves-  
t i g a t i o n ) .  Table V prov ides  a summary o f  t h e  boundary l a y e r  t h i c k n e s s  r e s u l t s  
a t  r e f e r e n c e  Mach number 0 .20  f o r  a l l  t h e  t e s t  s e c t i o n  boundary l a y e r  su rvey  
l o c a t i o n s .  
The f o r w a r d  boundary l a y e r  p r o f i l e s  a t  t e s t  s e c t i o n  s t a t i o n  28, near  t h e  
t e s t  s e c t i o n  en t rance  ( f i g .  3 ( a ) > ,  a r e  shown i n  f i g u r e  18. The r e s u l t s  show 
t h a t  t h e  boundary l a y e r  i s  f a i r l y  un i fo rm across  t h e  t e s t  s e c t i o n  en t rance ,  
v a r y i n g  from 2.7  to  3.5 i n .  ( t a b l e  V ) .  I n  f i g u r e  19,  t he  boundary l a y e r  p ro -  
f i l e s  a t  t e s t  s e c t i o n  s t a t i o n  210, near  t h e  model t e s t  p lane  ( f i g .  3 ( c > > ,  a r e  
shown. The boundary l a y e r  t h i c k n e s s ,  app rox ima te l y  5 .3 i n . ,  i s  l a r g e r  a t  t h i s  
l o c a t i o n  than a t  t e s t  s e c t i o n  s t a t i o n  28. The a f t  boundary l a y e r  p r o f i l e s  a t  
t e s t  s e c t i o n  s t a t i o n  336, near t h e  t e s t  s e c t i o n  e x i t  ( f i g .  3 ( b ) ) ,  a r e  shown i n  
f i g u r e  20. A t  t h i s  l o c a t i o n ,  t h e r e  i s  a l a r g e  v a r i a t i o n  i n  t h e  boundary l a y e r  
t h i c k n e s s  across  the t e s t  s e c t i o n  ( t a b l e  V I .  The t h i c k e s t  p a r t  o f  t h e  boundary 
l a y e r  occurs  near  t h e  upper p o r t i o n  of the  t e s t  s e c t i o n  ( f i g .  20(a) )  a t  r a k e  
l o c a t i o n s  10 and 15 ( f i g .  3 ( b ) > ,  v a r y i n g  between 13.3 and 13.8 i n .  T h i s  bound- 
a r y  l a y e r  t h i c k n e s s  was n e a r l y  double t h e  7 .3 - in . - th i ck  boundary l a y e r  on t h e  
tunne l  f loor  a t  r a k e  l o c a t i o n s  12 and 13 ( f i g .  3 (b>.  
CONCLUDING REMARKS 
The t o t a l  p ressure ,  s t a t i c  p ressu re ,  and Mach number p r o f i l e s  o b t a i n e d  
from an i n v e s t i g a t i o n  o f  the  f low c h a r a c t e r i s t i c s  i n  t h e  t e s t  s e c t i o n  of t h e  
9- by 15-Foot Low-Speed Wind Tunnel i n d i c a t e  t h a t  t h e  t e s t  s e c t i o n  has v e r y  
u n i f o r m  t o t a l  p ressu re  d i s t r i b u t i o n s  and f a i r l y  u n i f o r m  s t a t i c  p ressu re  and 
Mach number d i s t r i b u t i o n s  a t  most a x i a l  l o c a t i o n s  i n  t h e  t e s t  s e c t i o n  a t  a l l  
t unne l  Mach numbers. The l a r g e s t  v a r i a t i o n s  i n  t o t a l  and s t a t i c  p ressu re  and 
Mach number occu r  near  t h e  t e s t  s e c t i o n  w a l l s  and a r e  p robab ly  caused by flow 
around t h e  t e s t  s e c t i o n  w a l l  s lo ts .  I n  a d d i t i o n ,  l a r g e r  v a r i a t i o n s  i n  s t a t i c  
p ressu re  and Mach number occur nearer  t h e  t e s t  s e c t i o n  en t rance  t h a n  a t  o t h e r  
a x i a l  l o c a t i o n s  downstream i n  t h e  t e s t  s e c t i o n  (away from t h e  t e s t  s e c t i o n  
w a l l s )  a t  a l l  t unne l  Mach numbers. These l a r g e r  v a r i a t i o n s  a r e  due t o  t h e  
i n f l u e n c e  o f  t h e  l a r g e  c o n t r a c t i o n  r a t i o  i n  t h e  t u n n e l  i n l e t  s e c t i o n .  The t e s t  
s e c t i o n  boundary l a y e r  t h i c k n e s s  i nc reases  downstream w i t h  l a r g e r  v a r i a t i o n s  
near  the  t e s t  s e c t i o n  w a l l s ,  e s p e c i a l l y  a t  t h e  upper p o r t i o n s  o f  t h e  t e s t  sec- 
t i o n  and near t h e  t e s t  s e c t i o n  e x i t .  These boundary l a y e r  v a r i a t i o n s  a r e  most 
l i k e l y  due t o  t h e  flow around t h e  t e s t  s e c t i o n  w a l l  s lo ts .  
Near t h e  model t e s t  p lane  i n  the  t e s t  s e c t i o n ,  i n  t h i s  case t h e  Advanced 
Turboprop P r o j e c t  p rope l le r -mode l  p lane  of  r o t a t i o n ,  t h e  t o t a l  and s t a t i c  p res-  
sure  and Mach number d i s t r i b u t i o n s  and t h e  t e s t  s e c t i o n  boundary l a y e r  a r e  w e l l  
behaved. The f r e e s t r e a m  c o n d i t i o n s  a t  t h e  model c e n t e r l i n e  l o c a t i o n  can be 
c a l c u l a t e d  d u r i n g  t e s t i n g  by  u s i n g  t h e  d e r i v e d  p ressu re  c a l i b r a t i o n  equa t ions  
and t h e  p ressu re  measurements o b t a i n e d  from e i t h e r  o f  t h e  two wind  t u n n e l  rakes  
l o c a t e d  i n  t h e  t e s t  s e c t i o n .  
1 1  
SUMMARY OF RESULTS 
An i n v e s t i g a t i o n  was conducted i n  t h e  NASA Lewis 9- by 15-Foot Low-Speed 
Wind Tunnel t o  de termine t h e  flow c h a r a c t e r i s t i c s  i n  the  t e s t  s e c t i o n  d u r i n g  
wind tunne l  o p e r a t i o n .  The i n v e s t i g a t i o n  was done t o  de termine ( 1 )  t he  t o t a l  
p ressure ,  s t a t i c  p ressu re ,  and Mach number p r o f i l e s  a t  f o u r  a x i a l  survey  l oca -  
t i o n s  i n  the  t e s t  s e c t i o n ,  i n c l u d i n g  l o c a t i o n s  near  the  en t rance ,  t h e  model 
t e s t  p lane,  and the  e x i t ;  (2 )  t h e  c o r r e l a t i o n  between t h e  pressures  measured 
by the  new wind tunne l  r a k e  i n s t r u m e n t a t i o n  which a r e  used t o  d e f i n e  t h e  tunne l  
o p e r a t i n g  c o n d i t i o n s ,  and t h e  pressures  measured a t  t he  model c e n t e r l i n e  l oca -  
t i o n ;  and ( 3 )  t h e  boundary l a y e r  p r o f i l e s  near  t h e  t e s t  s e c t i o n  en t rance ,  t he  
model t e s t  p lane,  and near  t h e  t e s t  s e c t i o n  e x i t .  The i n v e s t i g a t i o n  was con- 
ducted a t  tunne l  Mach numbers 0.20,  0 .15.  0.10, and 0.05. 
The t o t a l  and s t a t i c  p ressu re  f l o w f i e l d  surveys were done w i t h  a 20-probe 
P i t o t - s t a t i c  f l ow  survey  r a k e  t h a t  was i n s t a l l e d  h o r i z o n t a l l y  i n  t h e  t e s t  sec- 
t i o n .  A t  each o f  the  a x i a l  survey  l o c a t i o n s  i n  t h e  t e s t  s e c t i o n ,  t h e  f l ow  
survey rake  was p o s i t i o n e d  t o  seve ra l  v e r t i c a l  survey  l o c a t i o n s  t o  o b t a i n  
c ross -sec t i ona l  t o t a l  and s t a t i c  p ressu re  and Mach number p r o f i l e s  a t  each tun-  
n e l  Mach number. The t e s t  s e c t i o n  boundary l a y e r  surveys were done w i t h  m u l t i -  
probe t o t a l  p ressu re  rakes  a t  l o c a t i o n s  near  t h e  t e s t  s e c t i o n  en t rance ,  on t h e  
tunne l  c e i l i n g  near  t h e  model t e s t  p lane ,  and near  t h e  t e s t  s e c t i o n  e x i t .  
The r e s u l t s  o f  t h e  f l o w f i e l d  i n v e s t i g a t i o n  were 
( 1 )  The c r o s s - s e c t i o n a l  and a x i a l  t o t a l  p ressu re  survey  r e s u l t s  o b t a i n e d  
i n  the  t e s t  s e c t i o n  show v e r y  u n i f o r m  p r o f i l e s  o u t s i d e  the  t e s t  s e c t i o n  bound- 
a r y  l a y e r  a t  a l l  t unne l  Mach numbers. The l a r g e s t  v a r i a t i o n s  i n  t o t a l  p ressu re  
were measured a t  t unne l  Mach number 0.20. The l a r g e s t  c r o s s - s e c t i o n a l  t o t a l  
p ressu re  v a r i a t i o n  was found near  t h e  t e s t  s e c t i o n  e x i t  ( a x i a l  survey  l o c a t i o n  
4,  t e s t  s e c t i o n  s t a t i o n  294) ,  and was approx ima te l y  0.023 p e r c e n t  o f  t h e  tunne l  
t o t a l  p ressure .  The l a r g e s t  a x i a l  t o t a l  p ressu re  v a r i a t i o n  was found  2 . 5  f t  
above the  c e n t e r  o f  the  t e s t  s e c t i o n  ( v e r t i c a l  survey  l o c a t i o n  111, and was 
approx ima te l y  0.009 p e r c e n t  o f  t h e  tunne l  t o t a l  p ressu re .  The v a r i a t i o n s  i n  
t o t a l  p ressure  i n  t h e  t e s t  s e c t i o n  d i m i n i s h e d  a t  lower tunne l  Mach numbers. 
( 2 )  The c r o s s - s e c t i o n a l  and a x i a l  s t a t i c  p ressu re  survey  r e s u l t s  o b t a i n e d  
i n  the  t e s t  s e c t i o n  show f a i r l y  u n i f o r m  p r o f i l e s  downstream o f  t h e  t e s t  s e c t i o n  
en t rance and away from t h e  t e s t  s e c t i o n  w a l l s  a t  a l l  t unne l  Mach numbers. 
S t a t i c  p ressure  r e s u l t s  near  t h e  t e s t  s e c t i o n  en t rance  were a f f e c t e d  by t h e  
l a r g e  i n l e t  s e c t i o n  c o n t r a c t i o n  r a t i o ,  w h i l e  t h e  s t a t i c  p ressu re  r e s u l t s  near  
t h e  w a l l s  were a f f e c t e d  by  the  f low around t h e  t e s t  s e c t i o n  w a l l  s l o t s .  The 
l a r g e s t  v a r i a t i o n s  i n  s t a t i c  p ressu re  were found a t  t unne l  Mach number 0.020.  
The l a r g e s t  c r o s s - s e c t i o n a l  s t a t i c  p ressu re  v a r i a t i o n  was found near  t h e  t e s t  
s e c t i o n  en t rance ( a x i a l  survey  l o c a t i o n  1 ,  t e s t  s e c t i o n  s t a t i o n  121, and was 
approx ima te l y  0.126 p e r c e n t  o f  t h e  tunne l  s t a t i c  p ressu re .  
t e s t  s e c t i o n  en t rance,  t h e  l a r g e s t  c r o s s - s e c t i o n a l  s t a t i c  p ressu re  v a r i a t i o n  
was found near the  t e s t  s e c t i o n  e x i t  and was approx ima te l y  0.030 p e r c e n t .  The 
l a r g e s t  a x i a l  s t a t i c  p ressu re  v a r i a t i o n  was found a t  t h e  c e n t e r  o f  t h e  t e s t  
s e c t i o n  ( v e r t i c a l  survey l o c a t i o n  7>, and was a p p r o x i m a t e l y  0.333 p e r c e n t  o f  
t h e  tunne l  s t a t i c  p ressu re .  Downstream from t h e  en t rance ,  t h e  l a r g e s t  a x i a l  
s t a t i c  p ressure  v a r i a t i o n  was found 2 .5  f t  below t h e  c e n t e r  o f  t h e  t e s t  s e c t i o n  
( v e r t i c a l  survey l o c a t i o n  3 )  and was approx ima te l y  0.123 p e r c e n t .  The s t a t i c  
p ressure  v a r i a t i o n s  i n  t h e  t e s t  s e c t i o n  d i m i n i s h e d  a t  lower t u n n e l  Mach 
numbers. 
Downstream from t h e  
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( 3 )  The c r o s s - s e c t i o n a l  and a x i a l  Mach number survey r e s u l t s  show f a i r l y  
u n i f o r m  p r o f i l e s  downstream o f  t h e  t e s t  s e c t i o n  en t rance (where t h e  r e s u l t s  
were a f f e c t e d  by the  t u n n e l  i n l e t  s e c t i o n )  and away from the  t e s t  s e c t i o n  w a l l s  
(where t h e  r e s u l t s  were a f f e c t e d  by t h e  w a l l  boundary l a y e r  and the  f low near 
t h e  w a l l  s lots). The l a r g e s t  v a r i a t i o n s  i n  t h e  Mach number were found a t  t u n n e l  
Mach number 0.20. The l a r g e s t  c r o s s - s e c t i o n a l  Mach number v a r i a t i o n  was found 
near t h e  t e s t  s e c t i o n  en t rance  and was approx ima te l y  2.59 p e r c e n t  of t h e  t u n n e l  
Mach number. Downstream from the  t e s t  s e c t i o n  en t rance,  t h e  l a r g e  c ross-  
s e c t i o n a l  Mach number v a r i a t i o n  was found i n  the  model t e s t  p lane ( a x i a l  survey 
l o c a t i o n  3, t e s t  s e c t i o n  s t a t i o n  215), and was approx ima te l y  0.69 p e r c e n t .  The 
l a r g e s t  a x i a l  Mach number v a r i a t i o n  from t h e  t e s t  s e c t i o n  en t rance was found 
a t  t he  c e n t e r  o f  the  t e s t  s e c t i o n  and was approx ima te l y  6.27 p e r c e n t  of the  
t u n n e l  Mach number. Downstream from t h e  ent rance,  t h e  l a r g e s t  a x i a l  Mach 
number v a r i a t i o n  was found 2.5 f t below the  c e n t e r  of t h e  t e s t  s e c t i o n ,  and was 
a p p r o x i m a t e l y  2.26 p e r c e n t .  The Mach number v a r i a t i o n s  i n  t h e  t e s t  s e c t i o n  
d i m i n i s h e d  a t  lower  tunne l  Mach numbers. 
(4 )  The wind tunne l  r a k e  t o t a l  p ressure  c a l i b r a t i o n  r e s u l t s  i n d i c a t e  t h a t  
t h e  t o t a l  p ressure  a t  t h e  model c e n t e r l i n e  ( a t  t e s t  s e c t i o n  s t a t i o n  215) i n  t h e  
model t e s t  p lane i s  lower t h a n  t h e  t o t a l  p ressure  a t  e i t h e r  t h e  upstream or 
t h e  downstream wind tunne l  r a k e  a t  a l l  tunne l  Mach numbers. A t  t u n n e l  Mach 
number 0.20, t h e  d i f f e r e n c e  i n  t o t a l  p ressure  between the  model c e n t e r l i n e  and 
t h e  upstream t u n n e l  r a k e  ( t e s t  s e c t i o n  s t a t i o n  8)  was about  0.002 p e r c e n t  of 
t h e  t u n n e l  t o t a l  p ressure ,  and about  0.009 p e r c e n t  between t h e  model c e n t e r l i n e  
and t h e  downstream t u n n e l  r a k e  ( t e s t  s e c t i o n  s t a t i o n  210).  The wind t u n n e l  
r a k e  s t a t i c  p ressure  c a l i b r a t i o n  r e s u l t s  i n d i c a t e  t h a t  t h e  model c e n t e r l i n e  
s t a t i c  p ressure  i s  lower  than t h e  s t a t i c  p r e s s u r e - a t  t he  upstream t u n n e l  r a k e ,  
b u t  h i g h e r  than t h e  s t a t i c  p ressure  a t  t h e  downstream t u n n e l  r a k e ,  a t  a l l  tun-  
n e l  Mach numbers. A t  t u n n e l  Mach number 0.20, the  d i f f e r e n c e  i n  s t a t i c  pres-  
sure  between t h e  model c e n t e r l i n e  and t h e  upstream t u n n e l  r a k e  was about  
0.153 p e r c e n t  o f  the  t u n n e l  s t a t i c  p ressure ,  and about  0.041 p e r c e n t  between 
t h e  model c e n t e r l i n e  and t h e  downstream tunne l  rake .  I n  terms o f  Mach number, 
t h e  model c e n t e r l i n e  Mach number i s  2.65 p e r c e n t  h i g h e r  (or  Mach number 0.2053) 
t h a n  t h e  upstream tunne l  r a k e  Mach number o f  0.20, and the  model c e n t e r l i n e  
Mach number i s  0.90 p e r c e n t  lower  (or  Mach number 0.19821 t h a n  t h e  downstream 
t u n n e l  rake Mach number o f  0.20. 
(5) The boundary l a y e r  p r o f i l e  r e s u l t s  i n d i c a t e  t h a t  t h e  boundary l a y e r  
t h i c k n e s s  i s  between a p p r o x i m a t e l y  2.7 and 3.5 i n .  near  t h e  t e s t  s e c t i o n  
e n t r a n c e  ( t e s t  s e c t i o n  s t a t i o n  28>,  and approx ima te l y  5.3 i n .  near the  model 
t e s t  p lane ( t e s t  s e c t i o n  s t a t i o n  210). Near the  t e s t  s e c t i o n  e x i t  ( t e s t  sec- 
t i o n  s t a t i o n  3361, t h e  boundary l a y e r  t h i c k n e s s  v a r i e s  from a p p r o x i m a t e l y  
7.3 i n .  on t h e  t e s t  s e c t i o n  floor t o  a p p r o x i m a t e l y  10.0 i n .  on the  lower  por -  
t i o n  of t h e  t e s t  s e c t i o n  w a l l s ,  13.5 i n .  on t h e  upper p o r t i o n  o f  the  t e s t  sec- 
t i o n  w a l l s ,  and 9.3 i n .  on t h e  t e s t  s e c t i o n  c e i l i n g .  
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APPENDIX A - TEST SECTION TOTAL PRESSURE CROSS-SECTIONAL PROFILES 
F igu res  A-1 t h rough  A-4 p r o v i d e  q u a n t i t a t i v e  i n f o r m a t i o n  on t h e  cross- 
s e c t i o n a l  t o t a l  p ressu re  p r o f i l e s  i n  t h e  t e s t  s e c t i o n  fo r  r e f e r e n c e  Mach 
numbers 0.20, 0.15, 0.10, and 0 .05  a t  ( 1 )  a x i a l  survey l o c a t i o n s  1 ,  2 ,  and 4 
( f i g .  9)  for v e r t i c a l  su rvey  l o c a t i o n s  3, 7 ,  and 11 ( t a b l e  I ) ,  and ( 2 )  a x i a l  
survey l o c a t i o n  3 f o r  v e r t i c a l  survey l o c a t i o n s  2 th rough  1 1 .  The p ressu re  
r a t i o  r e s u l t s  a r e  a c c u r a t e  t o  w i t h i n  +0.004 p s i  (20.030 p e r c e n t ) .  Some o f  t h e  
r e s u l t s  w i t h i n  t h e  t e s t  s e c t i o n  boundary l a y e r  have been t r u n c a t e d  f o r  g r e a t e r  
r e s o l u t i o n  o f  t h e  r e s u l t s  o u t s i d e  t h e  boundary l a y e r .  
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FIGURE A-1. - TOTAL PRESSURE CROSS-SECTIONAL PROFILES AT AXIAL SURVEY LOCATION 1 (TEST SECTION S T A T I M  12). 
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FIGURE A-2. - TOTAL PRESSURE CROSS-SECTIONAL PRWILES AT AXIAL SURVEY LOCATION 2 (TEST SECTION STATlOll 134). 
1 6  
Y 
4 
L 
n 
‘z 
0 
P 
5 
w 
ln 
ln w
a 
E 
1 . 0 0 0 8  I l l  
1.0007 -- VERTICAL 
1 . 0 0 0 6  -- 
1 a 0 0 0 5  
1 . O O O Y  
1.0003 
1 .0002 
I . 0 0 0 1  
1 . oooo  
0 . 9 9 9 9  
0 . 9 9 9 8  
0 . 9 9 9 7  
11.9996 . - -  
( a )  REFERENCE M C H  NUMBER 0.20. 
1.0002 
1.0001 
1 .oooo 
0 . 9 9 9 9  
0 . 9 9 9 8  
0 . 9 9 9 7  
0 . 9 9 9 6  
( b )  REFERENCE M C H  NUlBER 0.15. -I 
0 
E 
L 
tc )  REFERENCE MCH NMBER 0.10. 
DISTANCE FROM CENTER OF TUNNEL, FT 
( d )  REFERENCE M C H  N W R  0.05. 
FIGURE A-3. - TOTAL PRESSURE CROSS-SECTIONAL PROFILES AT AXIAL SURVEY LOCATION 3 (TEST SECTION STATION 215). 
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APPENDIX  B - TEST SECTION S T A T I C  PRESSURE CROSS-SECTIONAL P R O F I L E S  
F igu res  8-1 th rough 6-4 p r o v i d e  q u a n t i t a t i v e  i n f o r m a t i o n  on the  c ross-  
s e c t i o n a l  s t a t i c  p ressu re  p r o f i l e s  i n  t h e  t e s t  s e c t i o n  f o r  r e f e r e n c e  Mach 
numbers 0.20, 0.15,  0.10, and 0.05 a t  ( 1 )  a x i a l  survey  l o c a t i o n s  1 ,  2 ,  and 4 
( f i g .  9) f o r  v e r t i c a l  survey  l o c a t i o n s  3 ,  7 ,  and 1 1  ( t a b l e  I), and ( 2 )  a x i a l  
survey l o c a t i o n  3 a t  v e r t i c a l  survey l o c a t i o n s  2 th rough 1 1 .  The pressure  
r a t i o  r e s u l t s  a r e  accu ra te  t o  w i t h i n  ~ 0 . 0 0 4  p s i  (20.030 p e r c e n t ) .  Some o f  t h e  
r e s u l t s  w i t h i n  t h e  t e s t  s e c t i o n  boundary l a y e r  have been t r u n c a t e d  f o r  g r e a t e r  
r e s o l u t i o n  of the  r e s u l t s  o u t s i d e  the  boundary l a y e r .  Resu l t s  shown near the  
cen te r  of t h e  t e s t  s e c t i o n ,  a t  d i s tances  from 0 t o  2 f t ,  a r e  ques t i onab le  
because o f  p o s s i b l e  hardware problems encountered w i t h  the  f low survey rake .  
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FIGURE B-1. - STATIC PRESSURE CROSS-SECTIOWAL PROFILES AT AXIAL SURVEY LOCATION 1 (TEST SECTION STATION 12) .  
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APPENDIX C - TEST SECTION MACH NUMBER CROSS-SECTIONAL PROFILES 
F igures  C-1 th rough C-4 p r o v i d e  q u a n t i t a t i v e  i n f o r m a t i o n  on t h e  c ross-  
s e c t i o n a l  Mach number p r o f i l e s  i n  t h e  t e s t  s e c t i o n  f o r  re fe rence Mach numbers 
0.20, 0.15, 0.10, and 0.05 a t  ( 1 )  a x i a l  survey  l o c a t i o n s  1 ,  2 ,  and 4 ( f i g .  9 )  
f o r  v e r t i c a l  survey  l o c a t i o n s  3 ,  7 ,  and 1 1  ( t a b l e  I ) ,  and ( 2 )  a x i a l  survey  
l o c a t i o n  3 a t  v e r t i c a l  survey  l o c a t i o n s  2 th rough  1 1 .  The Mach number r a t i o  
r e s u l t s  a r e  accura te  t o  w i t h i n  50.004 p s i  (21.0 p e r c e n t  a t  r e f e r e n c e  Mach 
number 0.20, 21.5 p e r c e n t  a t  r e f e r e n c e  Mach number 0.15,  24.0 p e r c e n t  a t  
r e f e r e n c e  Mach number 0.10, and 216.0 p e r c e n t  a t  r e f e r e n c e  Mach number 0 . 0 5 ) .  
Some o f  t h e  r e s u l t s  w i t h i n  t h e  t e s t  s e c t i o n  boundary l a y e r  have been t r u n c a t e d  
f o r  g r e a t e r  r e s o l u t i o n  o f  t h e  r e s u l t s  o u t s i d e  t h e  boundary l a y e r .  
shown near  t h e  c e n t e r  o f  t h e  t e s t  s e c t i o n ,  a t  d i s t a n c e s  from 0 t o  2 f t ,  a r e '  
ques t i onab le  because o f  p o s s i b l e  hardware problems encountered w i t h  t h e  f low 
survey r a k e .  
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FIGURE C-1. - M C H  NUMBER PRESSURE CROSS-SECTIONAL PROFILES AT AXIAL SURVEY LOCATION 1 (TEST SECTION STATION 12). 
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FIGURE C-3. - RACH NUflSER PRESSURE CROSS-SECTIONAL PROFILES AT AXIAL SURVEY LOCATION 3 (TEST SECTION STATION 2 1 5 ) .  
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APPENDIX D - TEST SECTION TOTAL PRESSURE AXIAL PROFILES 
F i g u r e s  D-1 th rough 0-3 p r o v i d e  q u a n t i t a t i v e  r e s u l t s  on  t h e  a x i a l  t o t a l  
p ressu re  p r o f i l e s  i n  t h e  t e s t  s e c t i o n  f o r  r e f e r e n c e  Mach numbers 0.20, 0.15, 
0.10, and 0.05 a t  v e r t i c a l  survey  l o c a t i o n s  3 ,  7 ,  and 1 1  ( t a b l e  1) for a x i a l  
survey  l o c a t i o n s  1 th rough 4 ( f i g .  9). The p ressu re  r a t i o  r e s u l t s  a r e  a c c u r a t e  
t o  w i t h i n  20.004 p s i  (20.030 p e r c e n t ) .  Some o f  t h e  r e s u l t s  w i t h i n  t h e  t e s t  
s e c t i o n  boundary l a y e r  have been t r u n c a t e d  f o r  g r e a t e r  r e s o l u t i o n  o f  t h e  
r e s u l t s  o u t s i d e  t h e  boundary l a y e r .  
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FIGURE D-1. - TOTAL PRESSURE AXIAL PROFILES AT VERTICAL SURVEY LOCATION 3 (2.5 F T )  BELOW CENTER OF TUNNEL). 
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FIGURE D-2. - TOTAL PRESSURE AXIAL PROFILES AT VERTICAL SURVEY LOCATION 7 (AT CENTER OF TUNNEL). 
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FIGURF D-3 .  - TOTAL PRESSURE AXIAL PROFILES AT VERTICAL SURVEY LOCATION 11 (2.5 FT ABOVE CENTER OF TUNNEL). 
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APPENDIX E - TEST SECTION S T A T I C  PRESSURE A X I A L  P R O F I L E S  
F igu res  E-1 th rough E-3 p r o v i d e  q u a n t i t a t i v e  r e s u l t s  on t h e  a x i a l  s t a t i c  
p ressu re  p r o f i l e s  i n  t h e  t e s t  s e c t i o n  f o r  r e f e r e n c e  Mach numbers 0.20, 0.15, 
0.10, and 0.05 a t  v e r t i c a l  survey l o c a t i o n s  3, 7 ,  and 1 1  ( t a b l e  1) f o r  a x i a l  
survey  l o c a t i o n s  1 th rough 4 ( f i g .  9 ) .  The p ressu re  r a t i o  r e s u l t s  a r e  accu- 
r a t e  t o  w i t h i n  20.004 p s i  (20.030 p e r c e n t ) .  Some o f  t h e  r e s u l t s  w i t h i n  t h e  
t e s t  s e c t i o n  boundary l a y e r  have been t r u n c a t e d  f o r  g r e a t e r  r e s o l u t i o n  of  t h e  
r e s u l t s  o u t s i d e  t h e  boundary l a y e r .  Resu l t s  shown near  the  c e n t e r  o f  t h e  t e s t  
s e c t i o n ,  a t  d i s tances  from 0 t o  2 ft, a r e  ques t i onab le  because o f  p o s s i b l e  
hardware problems encountered w i t h  t h e  f low survey  rake .  
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FIGURE E-1. - STATIC PRESSURE AXIAL PROFILES AT VERTICAL SURVEY LOCATION 3 (2 .5  FT BELOW CENTER OF TUNNEL). 
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FIGURE E-2. - STATIC PRESSURE AXIAL PROFILES AT VERTICAL SURVEY LOCATION 7 (AT CENTER OF TUNNEL). 
35 
( a )  REFERENCE MCH NMEER 0.20. w 
YI 
% 
k a 1 . 0 0 1 8  
5 1 . 0 0 1 2  
a 1 . 0 0 0 8  
5 1 . 0 0 0 0  
* 1 . 0 0 1 6  
1.0011) 
g 1.0010 
2 1.0006 
1 .ooo+ u, 
b- 1 . 0 0 0 2  
0 . 9 9 9 8  
0 . 9 9 9 6  
0 . 9 9 9 ' )  
0 . 9 9 9 2  
L 
(b) REFERENCE M C H  N M R  0.15. 
I .0010 
1.0008 
1.0006 
1 .ooo') 
1.0002 
1 .oooo 
0 . 9 9 9 8  
0 . 9 9 9 6  
tc )  REFERENCE M C H  NUMER 0.10. 
DISTANCE FROn CENTER OF TUNNEL. FT 
(d )  REFERENCE M C H  N M R  0.05. 
FIGURE E-3, - STATIC PRESSURE AXIAL PROFILES AT VERTICAL SURVEY LOCATION 11 ( 2 . 5  FT ABOVE CENTER OF TUNNEL). 
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APPENDIX F - TEST SECTION MACH NUMBER A X I A L  PROFILES 
F i g u r e s  F-1 th rough F-3 p r o v i d e  q u a n t i t a t i v e  r e s u l t s  on t h e  a x i a l  Mach 
number p r o f i l e s  i n  t h e  t e s t  s e c t i o n  f o r  r e f e r e n c e  Mach numbers 0.20, 0.15,  
0.10, and 0.05 a t  v e r t i c a l  survey  l o c a t i o n s  3, 7 ,  and 1 1  ( t a b l e  I) for  a x i a l  
survey  l o c a t i o n s  1 th rough 4 ( f i g .  9). The Mach number r a t i o  r e s u l t s  a r e  
accu ra te  t o  w i t h i n  20.004 p s i  (21.0 pe rcen t  a t  r e f e r e n c e  Mach number 0.20, 
21.5 p e r c e n t  a t  r e f e r e n c e  Mach number 0.15, 24.0 pe rcen t  a t  r e f e r e n c e  Mach 
number 0.10, and 516.0 p e r c e n t  a t  r e f e r e n c e  Mach number 0.05). 
r e s u l t s  w i t h i n  t h e  t e s t  s e c t i o n  boundary l a y e r  have been t r u n c a t e d  for g r e a t e r  
r e s o l u t i o n  o f  t h e  r e s u l t s  o u t s i d e  t h e  boundary l a y e r .  R e s u l t s  shown near  t h e  
c e n t e r  o f  t h e  t e s t  s e c t i o n ,  a t  d i s tances  from 0 t o  2 f t ,  a r e  q u e s t i o n a b l e  
because o f  p o s s i b l e  hardware problems encountered w i t h  t h e  f low survey  r a k e .  
Some of t h e  
. 
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FIGURE F-1 .  - NACH NUMBER AXIAL PROFILES AT VERTICAL SURVEY LOCATION 3 (2 .5  FT BELOW CENTER OF TUNNEL). 
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1 .  
1 .  
1. 
0. 
0. 
0. 
0. 
O *  
0 2  
00 
9 0  
96 
94 
9 2  
(c) REFERENCE M C H  NUPUIER 0.10. 
1.2 
1 * I  
I . O  
0 . 9  
0 . e - t  -\ I -'6 I -I9 I -$ I -; -1, ' lo I I ; I 5 ' ; I '6 ' \ I J 7 
DISTANCE FROn TUNNEL CENTERLINE. FT 
( d )  REFERENCE M C H  NUflBER 0.05. 
FIGURE F-2. - M C H  NUMBER AXIAL PROFILES AT VERTICAL SURVEY LOCATION 7 (AT CENTER OF TUNNEL). 
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( a )  REFERENCE M C H  NUElBER 0.20. 0 - 
5 
1.02 1 1 . 0 1  
1 .oo 
0.99 
0.98 
0.97 
0.96 
0.95 
0.94 
8 
3 
( b )  REFERENCE M C H  NUMBER 0.15. 
1 .04 
1.02 
1 .oo 
0 . 9 8  
0 . 9 6  
0.94 
0.92 
(c )  REFERENCE M C H  NUMBER 0.10. 
1.2 
1 . 1  
1 .o 
0 . 9  
0.8,) ' -k I -'6 ' -Iff I -$ I -'2 I -1, ' b I 1, I I 4 I '6 I '6 ' ' 7 
DISTANCE FROM TUNNEL CENTERLINE. FT 
( d )  REFERENCE MACH NUMBER 0.05. 
FIGURE F - 3 .  - M C H  NUMBER AXIAL PROFILES AT VERTICAL SURVEY LOCATION 11 (2.5 FT ABOM CENTER OF TUNNEL). 
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APPENDIX G - WIND TUNNEL RAKE INSTRUMENTATION PRESSURE CALIBRATION EQUATIONS 
The t u n n e l  f r e e s t r e a m  t o t a l  p ressure  i s  a f u n c t i o n  o f  t h e  t u n n e l  r e f e r e n c e  
t o t a l  p ressure ,  t h e  no rma l i zed  re fe rence Q, and t h e  d e r i v e d  equa t ion  c o n s t a n t s .  
Whi le  u s i n g  t h e  upstream wind t u n n e l  r a k e  t o  o b t a i n  t h e  t u n n e l  r e f e r e n c e  
o p e r a t i n g  c o n d i t i o n s ,  t h e  f r e e s t r e a m  t o t a l  p ressu re  i s  
where 
K1 no rma l i zed  r e f e r e n c e  Q, ( P t , l  - P s , l ) / P t , l  
A i  1.00000960 
A 2  -0.00031 153 
The t u n n e l  f r e e s t r e a m  s t a t i c  p ressu re  i s  a f u n c t i o n  o f  t h e  t u n n e l  r e f e r e n c e  
s t a t i c  p ressure ,  t h e  no rma l i zed  r e f e r e n c e  Q, and t h e  d e r i v e d  e q u a t i o n  cons tan ts .  
Whi le  u s i n g  t h e  upst ream wind t u n n e l  r a k e  t o  o b t a i n  t h e  t u n n e l  r e f e r e n c e  
o p e r a t i n g  c o n d i t i o n s ,  t h e  f rees t ream s t a t i c  p ressu re  i s  
where 
K1 no rma l i zed  r e f e r e n c e  Q, ( P t , l  - P , , i ) / P t , l  
B1 1 .00001660 
B2 -0.05561240 
By u s i n g  t h e  downstream wind t u n n e l  r a k e  t o  o b t a i n  t h e  t u n n e l  r e f e r e n c e  
o p e r a t i n g  c o n d i t i o n s ,  t h e  t u n n e l  f r e e s t r e a m  t o t a l  p ressu re  from t h e  r e f e r e n c e  
t o t a l  p ressure  i s  
where 
K2 normal ized  r e f e r e n c e  Q, ( P t , 2  - Ps ,2> /P t ,2  
Ci 1.00001 350 
C2 -0.00403159 
By u s i n g  t h e  downstream wind t u n n e l  r a k e  t o  o b t a i n  t h e  t u n n e l  re fe rence  
o p e r a t i n g  c o n d i t i o n s ,  t h e  t u n n e l  f r e e s t r e a m  s t a t i c  p ressu re  from t h e  r e f e r e n c e  
s t a t i c  p ressu re  i s  
where 
K2 no rma l i zed  r e f e r e n c e  Q, ( P t , 2  - Ps,2) /P t ,2  
D1 0.99998397 
D2 0.01 67042 1 
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Probe 
number 
1 
2 
3 
4 
5 
6 
7 
TABLE I. - TYPICAL BOUNDARY 
LAYER SURVEY RAKE 
DIMENSIONS 
D i s t a n c e  f rom 
tunne l  s u r f a c e ,  
i n .  
0.71 
1.86 
2.79 
3.61 
4.34 
5.00 
5.62 
Probe 
number 
I 
1 D i  stance f rom 
tunne l  su r face ,  
i n .  
Probe 
number 
17 
18 
19 
20 
21 
22 
23 
24 
0.325 
0.875 
1.325 
1.875 
2.325 
2.875 
3.325 
3.875 
D i s t a n c e  from 
tunne l  s u r f a c e ,  
i n .  
8.325 
8.875 
9.325 
9.875 
10.325 
10.875 
11.325 
11.875 
Probe 
number 
7 
( a )  Forward 
( b )  Model t e s t  p l a n e  
Probe 
number 
9 
10 
11 
12 
13 
14 
15 
16 
D i  s tance  f rom 
t u n n e l  s u r f a c e ,  
i n .  
4.325 
4.875 
5.325 
5.875 
6.325 
6.875 
7.325 
7.875 
( c )  A f t  
l l  Probe D i  s tance  f rom i n .  t unne l  s u r f a c e ,  number 
I I  1: 0 .12  0 .52  
1.17 
2 .04  
3.02 
4.22 
5.62 
7.22 
1 1  
12 
13 
14 
15 
16 
D i  s tance  f rom 
tunne l  s u r f a c e ,  
i n .  
9.04 
11.06 
12.01 
13.23 
15.62 
18.22 
21.01 
24.02 
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TABLE 11. - TEST SECTION 
V E R T I C A L  SURVEY 
LOCATIONS 
su rvey  100, Ps,max - Ps,min - 100, A x i a l  Pt,max - Pt ,m in  
1 o c a t  i on P t  , r e f  Ps, r e f  
p e r c e n t  p e r c e n t  
1 0.021 0.126 
2 .020 .02 1 
3 .019 ,018 
4 .023 .030 
I 
~~ 
p e r t i c a l  I D i s t a n c e  f rom 
survev c e n t e r  o f  t e s t  
%ax - Mmin 
“ r e f  
* 100, 
p e r c e n t  
2.59 
0.56 
.69 
.60 
I 1 o c a t  i on s e c t i o n ,  I f t  
P t  ,max - P t  , m i  n 
P t ,  r e f  
- 100, 
p e r c e n t  
0.007 
.006 
.009 
1 1  
10 
9 
8 
7 
6 
5 
4 
3 
2 
Mmax - Mmin 
* 100, 
Ps,max - Ps,min 
100, 
Ps, r e f  Mref  
p e r c e n t  pe rcen t  
0.309 (0.123) 5.78 (2.26) 
.333 (.097) 6.27 (1 .79)  
.297 (.loo) 5.69 (1.91) 
2.5 
a1.5 
a1 .o 
a0.5 
0.0 
a9b0.5 
b2.5 
a l b l  . o  
asb1.5 
a1b3.5 
a v e r t i c a l  survey l o c a t i o n s  
a t  a x i a l  survey l o c a t i o n  
3 o n l y .  
b D i  s tances b e l  ow c e n t e r  o f  
t u n n e l .  
V e r t i c a l  
su rvey  
1 o c a t i  on 
3 
7 
1 1  
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TABLE I V .  - WIND TUNNEL RAKE TO MODEL CENTERLINE PRESSURE R A T I O  
VARIATIONS AT REFERENCE MACH NUMBER 0.20 
l o c a t i o n  
a1 
b2 
" - "c1 . 100, l M  * 100, Wind P t  - P t , c l  
p e r c e n t  p e r c e n t  p e r c e n t  
0.002 0.153 -2.65 
.009 -.041 0.90 
Forward 
Model t e s t  p l a n e  
TABLE V .  - TEST SECTION BOUNDARY LAYER 
THICKNESS AT REFERENCE MACH 
NUMBER 0.20 
1 2.7 
2 3.3 
3 3.3 
4 3 .5  
5 2.8 
6 3 .4  
7 3.2 
-- 5.3 
Boundary l a y e r  Survey Boundary l a y e r  
su rvey  l o c a t i o n  I r a k e  1 t h i c k n e s s ,  
number i n .  
A f t  8 9.2 
9 9 .4  
10 13.3 
1 1  10.0 
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ORlGlNAL PAGE IS 
OF POOR QUALITY 
9- BY 15-FOOT 
LOW-SPEED WIND 
TEST SECTION 7 DOORS 7 
RETURN 
/ \  \ 
INLET DOORS7 LEG 7 TUNNEL ( L S m )  FLOW CONTROL 
\ ?\ 
\ 
L 
\, 
// ', \ 
\ -  
\ 
'- \ 
I 
/ 
/ I 
DRYER 
BUILDING 
CONTROL n SUPERSONIC i 
ROOM ---I I WIND TUNNEL (SWT) 
TEST SECTION 
( a )  OVERALL PLAN VIEW. 
I 
LDIFFUSER 
DISCHARGE 
SECTION 
TEST TEST 
SECTION SECTION 
STATION 3 4 2  STATION 0 
-1 
I I TUNNEL 
STATION 236 1 2 4 . 3  
- 
AIRFLOW 
I 
V 
I I 
I 
/ / / I / 
DIFFUSER // TUNNEL LAUXILIARY COOLER (FLOW / FLOW 
BULKHEAD _J SUPPORTS EQUIPMENT STRAIGHTENER) CONTROL 
ROOM DOOR 
(b) SCHEMATIC ELEVATION VIEW OF 9- BY 15-FOOT SECTION. 
FIGURE 1. - GEOMETRY OF NASA LEWIS RESEARCH CENTER 9- BY 15-FOOT LOW-SPEED WIND TUNNEL. 
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( a )  TEST SECTION ENIRANCE, DOWNSTREAM VI tW.  
( b )  E S T  SECTION EXIT, UPSTREAM VIEW. 
FIGURE 2. - INSTRUMENTATION USED I N  TEST SECTION FLOWFIELD INVESTIGATION. 
ORIGINAL PAGE IS 
OF POOR QUALtTY 
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ORIGlNAL PAGE IS 
OF POOR QUALITY 
,-TEST SECTION TEST SECTION 
! CEILING I SOUTH WALL 7 
TYPICAL 
(a )  FORWARD BOUNDARY LAYER. TEST SECTION STATION 28 (NEAR 
TEST SECTION ENTRANCE), DOWNSTREAM VIEW. 
START OF 
TEST SECTION 
ACOUSTIC TREATMENT. (6) 7 
ENTRANCE. ( 0 ) ~  
/ 
r TEST SECTION 
I NORTH WALL 
/ 
/ 
r T E S T  SECTION 
\,NORTH WALL I 
1 2 . 8 3  Ff- 
(b) AFT BOUNDARY LAYER, TEST SECTION STATION 336 
(NEAR TEST SECTION EXIT) .  DOWNSTREAM VIEW. 
TEND OF ACOUSTIC TREATMENT. (336) 
\\ r T E S T  SECTION EXIT. (342)  
\ 
\\ ', 
INLET 
SECTION 
AIRFLOW I, 
r UPSTREAM TUNNEL 
I / RAKE. (8) 
\ RAKE. (210)  
TEST \ 
. ~ _ _ _ _ .  
MODEL TEST PLANE //' 
BOUNDARY LAYER,/ 
RAKE, (210) 
tc )  WIND TUNNEL (TEST SECTION STATIONS 8 AND 215)  AND MODEL TEST PLANE BOUNDARY LAYER 
(TEST SECTION STATION 210). VIEW FROM ABOVE TEST SECTION CEILING. 
FIGURE 3. - WIND TUNNEL AND BOUNDARY LAYER SURVEY RAKE LOCATIONS I N  TEST SECTION. 
,-TEST SECTION 4 rMODEL '$ / 
r T E S T  SECTION ,-MAIN SUPPORT I/' rSECONDARY // 4 // SUPPORT TUBE 
+ + + +  + + + + + 
I Lb 
\ 
\ 
\ I . 14 8 I C  . 
PITOT-STATIC 
PROBE LOCATIONS 
( a )  SCHEMATIC OF FLOW SURVEY RAKE (DIMENSIONS IN FT). 
( b )  FLOW SURVEY RAKE MOUNTED 
AND CEILING. 
0.187 
SPHERICAL RADIUS 
- p - 
PRESSURE 
SECTION A-A 
TYPICAL r FOUR EQUALLY r EIGHT EQUALLY 
SPACED HOLES. // SPACED HOLES. / 0.125 DIAH // 0.062 DlAM 
I 4 1.0 b-12.0 TYPICAL-j 
( C )  SCHEMATIC OF PITOT-STATIC PRESSURE SURVEY PROBE (DIMENSIONS I N  INCHES). 
FIGURE 4. - PITOT-STATIC FLOW SURVEY RAKE USED I N  FLOWFIELD INVESTIGATION. 
ORIGINAL PAGE 15 
OF POOR QUALITY 
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ORIGfNAL PAGE IS 
OF POOR Q'.'Al,STY 
/ 
/ / -  
/ .  
( a )  DOWNSTREAM WIND TUNNEL RAKE. TEST SECTION STATION 210 (NEAR MODEL TEST 
PLANE ) . 
b 
2.5 t - - 2 . 1 2  - 
11.62 
-7 0.5 12.25 
TYPICAL 
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PROBE 
- 
-c---- 
*% ".. 
( a )  FORWARD BOUNDARY LAYER SURVEY RAKE 5, ON TEST SECTION (b) SCHEMATIC OF TOTAL PRESSURE PROBE LOCATIONS ON RAKE. 
FLOOR. 
FIGURE 6. - TYPICAL FORWARD BOUNDARY LAYER SURVEY RAKE AT TEST SECTION STATION 28 (NEAR TEST SECTION ENTRANCE). 
( a )  MODEL TEST PLANE BOUNDARY LAYER SURVEY RAKE, ON TEST (b) SCHEMATIC OF TOTAL PRESSURE PROBE LOCATIONS ON RAKE. 
SECTION CEILING. 
FIGURE 7. - MODEL TEST PLANE BOUNDARY LAYER SURVEY RAKE AT TEST SECTION STATION 210. 
50 ORIGINAL PAGE IS OF POOR QUALITY 
1 
ORIGIYAL PAGE IS 
OF POOR QUALITY 
PROBE 
NUMBER 
( a )  AFT BOUNDARY LAYER SURVEY RAKE 13, ON TEST t b )  SCHEMATIC OF TOTAL PRESSURE PROBE LOCATIONS 
SECTION FLOOR. ON RAKE. 
FIGURE 8. - TYPICAL AFT BOUNDARY LAYER SURVEY RAKE AT TEST SECTION STATION 336 (NEAR TEST SECTION E X I T ) .  
UPSTREAM r FORWARD BOUNDARY -MODEL TEST PLANE 
WIND TUNNEL I LAYER SURVEY / BOUNDARY LAYER SURVEY 
RAKE, ( 8 )  7 / LOCATION, ( 2 8 )  ‘IND RAKE. (210) 
I TUNNEL RAKE. ( 2 1 0 ) ~  / ‘, 
- AFT BOUNDARY 
LAYER SURVEY 
LOCATION, (336)  
////// /// /// I 
I 
I DIFFUSER I I I INLET 
CErTTnN ! I I SFCTION I I I I E  
I 
I 
I 
I SECTION I I 
I I I 
I 
I 
I 
I 
I 
I 
I 
I I I 
I 
I I I 
I 
I I 
I 
I 
I I 
I I 
I I 
I I 
I 1  I I 
I I I I 
I \  
AXIAL SURVEY AXIAL SURVEY I \  
LOCATION 2, (134)’ LOCATION 3, (215)’ \ 
\ LOCATION 4. ( 2 9 4 )  (342) I 
I 
/ \ 
‘-TEST SECTION 
I L’AXIAL SURVEY 
I \  
TEST SECTION / \ 
ENTRANCE. (0) A L A X I A L  SURVEY L M O M L  TEST 
LOCATION 1. (12) PLANE. (215) 
FIGURE 9. - LOCATION OF WIND TUNNEL AND BOUNDARY LAYER SURVEY RAKE INSTRUMENTATION AND AXIAL FLOWFIELD SURVEYS I N  TEST 
SECTION (TEST SECTION STATION NUMBERS I N  PARENTHESIS). 
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‘ I  I 
I 
I 
I 
I v I 
\ I  
I 
L -  ------ - - - - - _ I  
( a )  AXIAL SURVEY LOCATION 2 (TEST SECTION STATION 1 3 4 )  AT REFERENCE M C H  N U W R  0.20. 
( b )  AXIAL SURVEY LOCATION 2 (TEST SECTION STATION 1 3 4 )  AT REFERENCE M C H  NUllBER 0.15. 
t c )  AXIAL SURVEY LOCATION 2 (TEST SECTION STATION 134)  AT REFERENCE f U C I i  N W R  0.10. 
FIGURE 10. - TOTAL PRESSURE CROSS-SECTIONAL PROFILES, W S T R E M  VIEW. DASHED OUTLINE 
CONTOUR LEVELS REPRESENT PRESSURE REPRESENTS TEST SECTION CROSS-SECTIONAL BOUNDARY. 
DIFFERENCES OF fl.004 P S I .  
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( e )  AXIAL SURVEY LOCATION 3 (TEST SECTION STATION 215)  AT REFERENCE M C H  NUNBER 0.15. 
( f )  AXIAL SURVEY LOCATION 3 (TEST SECTION STATION 215) AT REFERENCE M C H  NUMBER 0.10. 
FIGURE 10. - CONTINUED. 
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I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
L ---------_--------- 1 
(g )  AXIAL SURVEY LOCATION 4 (TEST SECTION STATION 294) AT REFERENCE MACH NUPUIER 0.20. 
(h) AXIAL SURVEY LOCATION 4 (TEST SECTION STATION 294) AT REFERENCE MACH NUPUIER 0.15. 
1 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
( i  ) AXIAL SURVEY LOCATION 4 (TEST SECTION STATION 294) AT REFERENCE M C H  N M R  0.10. 
FIGURE 10. - CONCLUDED. 
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I 
I 
L - - - - - - - - - - - - - - - - - - - 
(a )  AXIAL SURVEY LOCATION 1 (TEST SECTION STATION 12) AT R E F E R E M  RACH W I R E R  0.20. 
(b) AXIAL SURVEY LOCATION 1 (TEST SECTION STATION 12) AT REFERENU WUA NWBER 0.15. 
( c )  AXIAL SURVEY LOCATION 1 (TEST SECTION STATION 12) AT REFERENCE MACH NUPUlER 0.10. 
FIGURE 11. - STATIC PRESSURE CROSS-SECTIONAL PROFILES. MJUNSTREM VIEW. DASHED OUTLINE 
REPRESENTS TEST SECTION CROSS-SECTIONAL BOUNDARY. 
DIFFERENCES OF iO.004 P S I .  
CONTOUR LEVELS REPRESENT PRESSURE 
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I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
(e )  AXIAL SURVEY LOCATION 2 (TEST SECTION STATION 134) AT REFEREWCE )Y\CH WUlUER 0.15. 
h 0 
( f )  AXIAL SURVEY LOCATION 2 (TEST SECTION STATION 134) AT REFERENCE M C H  N W E R  0.10. 
FI6URE 11. - CONTIWW. 
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L _-__-___-------__ J 
(g) AXIAL SURVEY LOCATION 3 (TEST SECTION STATION 215) AT REFERENCE MACH NUrUIER 0.20. 
(h) AXIAL SURVEY LOCATION 
b 
0 
(TEST SECTION STATION 215 AT REFERENCE W H  N M R  0.15. 
( i )  AXIAL SURVEY LOCATION 3 (TEST SECTION STATION 215) AT REFEREM M C H  NUMER 0.10. 
FIGURE 11. - CONTINUED. 
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I 
I 
I 
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I 
I 
I 
I 
I 
I 
I 
I 
L ---------------- J 
( j )  AXIAL SURVEY LOCATION 4 (TEST SECTION STATION 2910 AT REFERENCE R4Ui NUWER 0.20. 
(k )  AXIAL SURVEY LOCATION 4 (TEST SECTION STATION 2910 AT REFERENCE WUi NUI(BER 0.15. 
( 1 )  AXIAL SURVEY LOCATION 4 (TEST SECTION STATION 294) AT REFEREWCE M C H  N W E R  0.10. 
FIGURE 11. - CONCLUDED. 
L - - - - - - - - - - - - - - - - J 
( a )  AXIAL SURVEY LOCATION 1 (TEST SECTION STATION 12) AT REFERENCE R4CH NUMBER 0.20. 
(b) AXIAL SURVEY LOCATION 1 (TEST SECTION STATION 12) AT REFERENCE MCH r m e E R  0.15. 
tc) AXIAL SURVEY LOCATION 1 (TEST SECTION STATION 12) AT REFEREM M C H  WVeER 0.10. 
FIGURE 12. - MACH NUMBER CROSS-SECTIONAL PROFILES. DOWWSfRW VIEW. DASHED OUTLINE RE- 
PRESENTS TEST SECTION CROSS-SECTIONAL BOUNDARY. CONTOUR LEVELS REPRESENT PRESSURE 
DIFFERENCES OF t0.004 PSI.  
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I----- ------------ J 
(d) AXIAL SURVEY LOCATION 2 (TEST SECTION STATION 132) AT REFEREWCE M H  N W E R  0.20. 
(e) AXIAL SURKY LOCATION 2 (TEST SECTION STATION 132) AT REFERENCE MCJi 0.15. 
( 1 )  AXIAL SURVEY LOCATION 2 (TEST SECTION STATION 134) AT REFEREWCE RACH NWEU 0.10. 
FI6URE 12. - CONTINUED. 
I -  
I -  0 
b 
I-.---- ------------ J 
(g) AXIAL SURVEY LOCATION 3 (TEST SECTION STATION 215) ATREFERENCE RACH N W E R  0.20. 
(h) AXIAL SURVEY LOCATION 3 (TEST SECTION STATION 215) AT REFERENCE RACH 0.15. 
(i ) AXIAL SURVEY LOCATION 3 (TEST SECTION STATION 215) AT REFERENCE W H  NvlBER 0.10. 
FI6URE 12. - CONTINUED. 
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TEST SECTION BOUNDARY 
1 ------------ 
I r---- 
I I 
L __-----  _ _  -------- J 
( j )  AXIAL SURVEY LOCATION 4 (TEST SECTION STATION 294) AT REFERENCE RMH N m  0.20. 
(k) AXIAL SURVEY LOCATloll 4 (TEST SECTION STATION 294) AT REFEREWCE MU1 0.15. 
( I)  AXIAL SURVEY LOCATION 4 (TEST SECTION STATION 294) AT R D W N E  Mu1 N W  0.10. 
FIGURE 12. - CONCLUDED. 
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NORMLIZED UPSTREM TUNNEL 0, ( P t , l  - P s , l ) / P t , l  
( a )  UPSTREM TUNNEL RAKE AT TEST SECTION STATION 8. 
NORMLIZED DOWNSTREM TUNNEL 0. (Pt .2  -Ps,2) /Pt ,2  
(b) " S T R E M I  TUNNEL RAKE AT TEST SECTION STATION 210. 
FIGURE 16. - WIND TUNNEL RAKE TOTAL PRESSURE CALIBRATION RESULTS. 
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NORMALIZED UPSTREAM TUNNEL Q, ( P t , l  - P s , ~ ) / P t , i  
( a )  UPSTREAM TUNNEL RAKE AT TEST SECTION STATION 8. 
NORMALIZED LMWNSTREM TUNNEL 0 ,  ( P t , 2  - P S , 2 ) / P t , 2  
(b) DOWNSTREAM TUNNEL RAKE AT TEST SECTION STATION 2 1 0 .  
FIGURE 17. - WIND TUNNEL RAKE STATIC PRESSURE CALIBRATION RESULTS. 
7 3  
( a )  REFERENCE M C H  N W R  0.20. (b) REFERENU MU NWllER 0.15. 
5.60 
6.00 
9.60 
9.00 
f 
3.50 
u. LL 3 v)
-1 y 3.00 
a 
I- 
5 
L L  ?.SO 
Y s Y n 2.00 
I .60 
I .oo 
0.w. 
TOTAL PRESSURE RATIO. P t / P t , R E F  
(c )  REFERENCE MACH N U I W R  0.10. 
0 .  
TOTAL PRESSURE RATIO, 
(d) REFERENCE M C H  NUMBER 0.05. 
2 
FIGURE 18. - FORWARD BOUNDARY LAYER SURVEY RESULTS AT TEST SECTION STATION 28 (NEAR THE TEST SECTION ENTRANCE). 
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FIGURE 19. - PIODEL TEST PLANE BOUNDARY LAYER SURVEY RESULTS AT TEST SECTION STATION 210. 
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